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Neurons imaged in 3D with sub-micrometric resolution
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Nature Communications 10(1) DOI: 10.1038/s41467-018-08179-6

Neuronal responses imaged in real time and in 3D
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fMRI, IEEE Transactions on Visualization and Computer 

Graphics 9(4), 454– 462 (2003)

Neuronal circuitry imaged in real time and in 3D

Brain Bow 2 photon image, Jean Livet I. de la vision

Electron Microscopy, Mathematics and Visualization

DOI: 10.1007/978-1-4471-6497-5_21

Supatto, 

Livet, 

Beaurepaire, 

Nat. Comm 

(2019) 

doi.org/10.10

38/s41467-

019-09552-9

Chromatic multiphoton serial microscopy
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Principles of nonlinear optical microscopy

Polarized nonlinear microscopy 

Nonlinear microscopy in depth in complex media 

Introduction : motivation
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Nonlinear optical imaging at the nanoscale



Introduction : motivation
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Optical waves in microscopy: 

Low depth (~100’s mm – 1mm)

High resolution (~ 200 - 300 nm)

Ed Boyden, Fei Chen, Paul Tillberg/MIT



The tissue scale

https://s3.amazonaws.com/classconnection

The extra-cellular matrix is made of 

proteins and fibers (collagen, elastin, ..)

The cell scale

http://christianevidences.org/wp-

content/uploads/2013/09/cell-hematology.jpg7



0.7 – 1.2 mm : reduced absorption compared to VIS light

Fundamental limit of optics: absorption in tissues
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Fundamental limit of optics: scattering in tissues

0.7 – 1.2 mm : reduced Rayleigh scattering compared to VIS light
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0.7 – 1.2 mm : reduced Rayleigh scattering compared to VIS light

But strong Mie scattering at a few 100’s um depth !

Fundamental limit of optics: scattering in tissues

Appl Opt (1995) doi: 10.1364/AO.34.007410
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Fundamental limit of optics: depth in scattering media
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Fluorescence
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https://www.aatbio.com

10 mm
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https://www.aatbio.com

10 mm

3 nm
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https://www.aatbio.com

10 mm

3 nm

3 Angst.

1 nm
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TMR

Cy5

Dubertret et al., ESPCI

Alivisatos et al., Berkeley U., USA

Fluorescence labels for biology: examples

10A

Protein GFP:

Chromophores:

Lipid probes :

“Quantum Dots” (CdSe/ZnS):
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2008 Nobel Prize in Chemistry

http://wondreal.blogspot.com

“For the discovery and development of the

Green Fluorescent Protein GFP” 

http://wondreal.blogspot.com

Fluorescence labels for biology: genetically modified organisms
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Fluorescence

How many photons can we get out of one molecule ?

Fluorescence = Absorption x Emission
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1 photon Fluorescence : 1PF

Absorption 

probability :

Fluorescence 

quantum yield:
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1 photon Fluorescence : 1PF

Absorption 

probability :

Fluorescence 

quantum yield:

nrr

r
f

kk

k


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Absorption probability Emission probability

Fluorescence = Absorption x Emission

9.05.0  f
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Excitation

surface: A

~ 300nm

P(t)
Pabs

h A


 



P(t)

excitation

Molecule : absorption 

cross section 
Absorption rate : 

1P absorption rate from a single molecule

Focal spot
Laser ~1024 ph/s/mm2

Typ. ~106 ph/s
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Volume

d’excitation

(surface: A)

~ 300nm

f

P(t)
I(t) C

h A


   



Molecule absorption 

cross section:

16 23 10 cm  

f 0.5 0.9  

Fluorescence 

quantum yield:

P(t)

excitation
28 2

Raman 10 cm 
C 2 10% 

Collection 

factor:

2A 1 m m

ph/s

signal

noise

1 photon fluorescence signal from a single molecule

WtP m10)(  sphtI /6300)( 

Raman
I 10ph / s 22



Local analysis

Spatial localization

Super resolution microscopy

Photophysics : fluctuations 

due to interaction with 

environment, orientation 

changes, 

Photobleaching event : 

reaction with oxygen singulet 

leads to non fluorescent radical

0s 14s

Molecules 

interdistance > 

optical resolution

ex. Cy3 (cyanine) exc. 633nm, em. 670nm

1 photon fluorescence signal from a single molecule
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2 photon Fluorescence : 2PF

2PF Absorption 

probability

Fluorescence 

quantum yield:

nrr

r
f

kk

k


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2P Absorption probability Emission probability

Fluorescence = 2P Absorption x Emission

9.05.0  f

2

(2P)
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1-photon excitation 2-photon excitation : 

virtual ultra-short lived (<1fs) 

intermediate state

Two photon excited fluorescence (2PF) efficiency

Absorption probabilities :

    21photon1
abs E.P 

    42photon2
abs E.P 

 
2

1

01.
photon

absP Em
    

2
2

0 1. .
photon

n nabsP E Em m

    2161 cm10101 
    ph/scm10100010 4502 

Absorption cross sections :

1molecule in 

bright day 

light : 

1 event /s

1molecule in 

bright day 

light : 

1 event / 10 

million years

Usual unit : Göppert-Mayer 1 GM = 10-50 cm4s/ph

25



Two photon absorption cross section

Engineered

Intrinsic
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Volume

d’excitation

(surface: A)

~ 300nm

Molecule 2 photon 

absorption cross 

section:f 0.5 0.9  

Fluorescence 

quantum yield:

P(t)

excitation

C 2 10% 

Collection 

factor:

2A 1 m m

ph/s

Signal << noise!

2 photon fluorescence signal from a single molecule

)2(

2

2

2 .
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f

ph
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phscm /10.100 450)2( 

2 ( ) 0.6 /phI t ph s

In the continuous (CW) excitation regime :
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Continuous laser : 

Pulsed laser : 

  2

0

2

PPI TPEF   PPtP 0 

   tfPtP peak .

 

f

P
PI TPEF

.

2

0
2


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P
f

1Ppeak
.



Typically : f = 76MHz,  = 220fs, for same average power:

Hell et al. 1994

Rectangle shape

Width , frequency f : 

   CW4pulsed I106I 

« enhancement »

Short laser pulses are required for two-photon imaging:

Optimal excitation with minimum average power

f

1



28
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Two-photon fluorescence (2PF) from ensemble of molecules 

mabs

mem

W

1 molecule : 

N molecules : sum of intensities (incoherent process)

29



Microscopy

30



Optical resolution of a microscope objective

- Minimize aberrations

(chromatic / spherical..) and 

therefore optimize the 

quality of an image

- Provide a high numerical 

aperture to gain in optical 

resolution 

Immersion medium

l/(2NA) ~200nm

NA ~ 0.5 – 1.49

. « Ideal » illumination/object
Real illumination/image

Point Spread Function

(PSF)

NA = n. sina 
In a medium of index n

a

31



Optical resolution of a microscope objective

l/(2NA) ~200nm

. « Ideal » illumination/object
Real illumination/image

Point Spread Function

(PSF)

Detergent extracted actin cytoskeleton SEM- lan Wells, DB Stolz

5mm

300 nm

Fluorescence
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Two photon excited fluorescence (2PF) imaging

1-photon
0.81 mmx0.37 mm

l = 750nm, NA 1.2

2-photon
0.52 mmx0.26 mm

2

z

x,y

1-photon 2-photon

1 and 2 photon fluorescence 

in a solution

Reduced volume by about 

 2 2photon

absP I
 1 photon

absP I

 
3

3
photon1

NA

n7.0
V

l


 
43

3
photon2

NA

n8V


l
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Emission spectrum

1 photon exc. 

(l) 2 photon exc. 

(2l)

Absorption 

spectrum

l

Two photon excited fluorescence (2PF) 

Scanning microscopy
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2PF excitation / radiation in a microscope
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𝐼𝑢
2𝑃𝐹 =

𝑁 න
𝑁𝐴

න
𝑉

න
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)𝝁𝑎𝑏𝑠 Ω, 𝒓 ∙ 𝑬(𝒓 4 𝑬𝑒𝑚 Ω, 𝒌, 𝒓 ∙ 𝒖 2 𝑓 Ω 𝑑Ω d𝒓 d𝒌

∝ 𝒌 × 𝝁𝑒𝑚 × 𝒌

Incoherent addition: 

𝝁𝑒𝑚



From incoherent 2PF to coherent NLO

Incoherent process: 

2PF

Coherent nonlinear processes  :

SHG-THG, FWM, CARS 

mabs

mem

p2w

W

- Single molecule detection

- Biological systems are labelled

- In-depth detection in tissues

- No labelling

36



Nonlinear optics regime

Linear regime Non Linear regime

(1) (2) (3)

0( ) ( : : : ...)w       P E E E E E E(1)

0( )w  P E

(n) non linear suceptibility tensors

     1
x xw w          1 2

...x x xw w w  
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SHG and THG Microscopy imaging
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Is SHG efficient enough 

for microscopy imaging?

SHG requires 

non-centrosymmetry 

e- acceptor

e- donor

PSHG

39



SHG from a molecule to an ensemble

C
H 3

O

C
N

N
O 2

Ew
Z

X

Y

W

Single molecule

response

p2w

Typically

b = 10-48 to 10-38 m4/V 

40
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SHG from a molecule to an ensemble

C
H 3

O

C
N

N
O 2

Ew
Z

X

Y

W

Single molecule 

response

p2w

Typically

b = 10-48 to 10-38 m4/V 

41
𝝁𝟎𝒏 ~ < 𝝍𝟎 𝒓 . 𝒓.𝝍𝒏 𝒓 >

𝑝𝑖
𝑆𝐻𝐺 =෍

𝑗𝑘

𝛽𝑖𝑗𝑘𝐸𝑗
𝜔𝐸𝑘

𝜔

𝛽𝑧𝑧𝑧 2𝜔;𝜔,𝜔 ,

𝛽𝑧𝑥𝑥 2𝜔;𝜔, 𝜔 , 𝛽𝑧𝑦𝑦 2𝜔;𝜔,𝜔

𝝎

𝝎𝟎

𝝎
involves



W

N molecules : sum of dipoles/radiated fields (coherent process)

C
H 3

O

C
N

N
O 2

Ew
Z

X

Y

W

Single molecule 

response

p2w

SHG from a molecule to an ensemble

Ensemble response : coherent 

in-phase oscillation

p2w

42



10 nm molecular 
nanocrystal ~1000 dipoles

S. Brasselet et al. PRL (2004)

1 molecule : 0.0001 – 0.01 ph/s1 molecule : 1000 – 10000 ph/s
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SHG and THG Microscopy imaging
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SHG excitation / radiation in a microscope

45

Coherent addition: 

𝐼𝑢
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En
2w

L : Dimension of the 
focal volume

Propagation towards detector 
or microscope objective

Phase matching wave vector 

Phase matching effects in SHG imaging
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Fwd efficient for 

r <  2l ~2mm

KTP nanocrystal simulation:
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SHG imaging in biological molecules (collagen)

Collagen (EM)
U

n
iv

. E
xe

te
r,

 r
at

 t
ai

lt
en

d
o

n

SHG fwd image of 

collagen in a muscle 

tissue

60 mm

Collagen I is non-

centrosymmetric
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Collagen gel (10-μm-thick) SHG imaging

Dichroic
Beamsplitter

Forward 
detection

EPI detection

Consequence of phase matching

Lateral 
projection
(X,Y)

Axial 
projection
(Z,X)

scale bar, 5 μm

SHG imaging in biological molecules (collagen)

EPI SHG image FWD SHG image
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Artificial collagen gel
C. Olive et al. J. Biomed. Opt. (2010)

Imaging the collagen structure 

in the tissues thanks to backscattering

Collagen in the stroma
C. Zhuo et al. J. Biomed. Opt. (2010) 50

Second Harmonic Generation (SHG) imaging 

in tissues



Low efficiency

No symmetry condition

Stringent phase matching conditions 

THG sensitive to interfaces

Detection of lipid bodies in the drosophila embryo

E. Beaurepaire, LOB, Palaiseau, France

W. Supatto et al., PNAS (2005)

Intrinsic THG from lipid bodies Exc. 1.180um 

50um 

3D imaging of motion of gastrulation in 

embryos. Intrinsic TPF : in nuclei

50um 

3w

w

w

Third Harmonic Generation (THG) imaging

Journal of Cell Science (2016) 129, 245-255 doi:10.1242/jcs.152272
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W

wP

Stokes

wS

wAS

AntiStokes

if wp-ws = W :  was enhanced

Strong signal from a Raman – active band

wp wp wASwS

W

6.6mm

45 GHz

3.1mm

99 GHz

2.9mm

102 GHz

52
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Generated frequency by frequency mixing :

Third order process

(3) (3)

( ) 2

tR
NR

R p s R t p t

AA

i i
 

w w w w
  

W       

Coherent Anti-Stokes Raman Scattering (CARS)



2as p p s p sw w w w w w    

Generated frequency by frequency mixing :

Third order process

Strong signal from a Raman – active band

wp wp wASwS

W

Coherent Anti-Stokes Raman Scattering (CARS)

(3) (3)

( ) 2

tR
NR

R p s R t p t

AA

i i
 

w w w w
  

W       

6.6mm

45 GHz

3.1mm

99 GHz

2.9mm

102 GHz

W. Lee et al. Anal Chem 2018
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Coherent Anti-Stokes Raman Scattering (CARS)

(3) (3)

( ) 2

tR
NR

R p s R t p t

AA

i i
 

w w w w
  

W       

Cheng J. Opt. Soc. Am. B, 19, 1363 (2002)

Nonresonant

electronic

response (FWM)

Resonant

vibrational

response

Coherent superposition of 

two contributions
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CARS is a resonant process

Source: http://www.aist.go.jp

Polystyrene spontaneous Raman spectrum Polystyrene CARS spectrum
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Brustlein et al. , JBO 2011

Coherent Anti-Stokes Raman Scattering (CARS)

microscopy
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Multimodal imaging for cancer detection

Rat mammary tumor / S. Boppart lab

CARS (3050 cm-1) 

AutoFluo2P

AutoFluo 3P

SHG

THG

Tu et al. Sc. Adv. 2017
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Myelin (SEM)CARS C-H (2845 cm-1)

5 mm

Mouse spinal cord; Collab. F. Debarbieux INT Marseille

T. Nomura et al. Neurosci Res. 2013

CARS Multimodal imaging for neurosciences
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Myelin (CARS – CH2 stretch. vib.) Axons (TPEF - CFP)

10μm 10μm10μm10μm

Progression of the EAE disease

Lipids (70%)

Proteins

(30%)

water

Myelin sheath

Spinal cord

higheredbcs.wiley.com D. Sherman, P. Brophy, 2005

Myelin imaging in the mouse spinal cord

Collaboration F. Debarbieux (INT, Marseille, France)

P. Gasecka et al., Biophys. J. (2017)
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Myelin (CARS, 2845 cm-1 CH2) Axons (2PF, CFP)

wp

wf

ws

2PF CARS

was

CARS imaging in fixed mouse spinal cords : depth 30-50 mm

Immune cells (YFP, GFP)

P. Gasecka et al., Biophys. J. (2017)
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Short pulses and nonlinear microscopy

61



At 800nm : 

Fused silica : GVD = 36.11 fs2/mm

BK7 : GVD = 50.60 fs2/mm

t

Short pulses and nonlinear microscopy

A microscope objective : typically 3000 fs2
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(sub-10fs pulses, M Pawlowska et al. OE 2014) 

x100, NA 1.4

Spectral resolution of the shaper : 

0.53nm/px

Max time shift : 1.9ps

Max GVD : 5000fs2

63

Short pulses and nonlinear microscopy



Distorsion occurs both in space and time (space-time coupling)

Nanoscatterers: 

gold nanorods (34 nmx25 nm)

After pulse 

shaping 

optimization

Short pulses and nonlinear microscopy

M Pawlowska et al. OE 22 (2014)
64



Optimizing spectral conditions in 2P processes

coherent control for selective nonlinear microscopy

65
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Two-photon excitation process

2nd Order Time-Dependent Perturbation Analysis

Many combinations of the frequency pairs determine the total excitation

Y. Silberberg, Annu. Rev. Phys. Chem. 60 (2009)
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2P excitation :
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Transition probability is controlled by the spectral 

phase of the incident field 

At w0 : antisymmetric phase is unaffected by 

transition probability 

Transform limited pulses are the most efficient :

g

f

w0= wfg/2
Y. Silberberg, Annu. Rev. Phys. Chem. 60 (2009)

67

Two-photon excitation process



TPA large spectrum

    w




 w






 ww  dd

2
E

2
ETPF

2
2

V.V. Lozovoy et al. J. Chem. Phys. 118 (2003)

2-photon excitation 

spectrum

Phase coherent control of 2P processes in 

molecular systems

- Flat phase : Optimum over the whole 

spectrum

- Phase antisymmetric point : no 

destructive interference

- Elsewhere : phase is not optimal : 

weak or zero-signal
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Molecular absorption profile

Matching the molecular absorption profile

    w




 w






 ww  dd

2
E

2
ETPF

2
2

V.V. Lozovoy et al. J. Chem. Phys. 118 (2003)
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Coherent control for selective two-photon

fluorescence microscopy of live organisms

2PF ratio eGFP/Yolk 

measured with narrow 

band

eGFP

Yolk

J.P. Ogilvie, …. E. Beaurepaire, M. Joffre, OE (2006)

shaping

Resulting 

2TPA spectra

TL

Drosophila embryo
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Microscope

Shaper

J.P. Ogilvie, …. E. Beaurepaire, M. Joffre, OE (2006)

Coherent control for selective two-photon

fluorescence microscopy of live organisms

Also Marcos Dantus group, Michigan State
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Linear combinations yield

two selective images of Drosophila embryo

25 µm

Blue pulse

Red pulse

Yolk emission

GFP emission

J.P. Ogilvie, …. E. Beaurepaire, M. Joffre, OE (2006)
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I. Pastirk et al. OE 11 (2003)

Phase coherent control for specific imaging : pH selectivity
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Nonlinear processes involve intra-pulse interferences

SHG : 
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Polarized NLO imaging 
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Detergent extracted actin cytoskeleton SEM- lan Wells, DB Stolz
5mm

Imaging bio-molecular organization

15mm

Collagen (SEM)

100mm

Zeiss- Human Osteosarcoma - Actin

5mm

Collagen (SHG) / elastin (TPF) chordae, 
U. Exeter/I. Fresnel

Elastin  (SEM)
20mm
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Resolution in nonlinear optical microscopy: ~ 300nm

Molecular orientational order reports structural information
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1 photon fluorescence
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Linear excitation

Absorption

Fluorescence = Absorption x Emission
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1PF: tuning the excitation - single molecule
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S. Brasselet et al. in Springer Series Fluoresc, Springer-Verlag (2013)
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Polarimetric Fluorescence (1PF) imaging

Objective
lens
NA=1.2

Galvos

Dichroic
mirror

Confocal
pinholeAPD

Motorized
HWP

CW Laser
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XY

X

Y
E a

(A,B)  r,
Gasecka et al. Biophys J 2009

Duboisset et al. JPC B 2013

Kress et al., Biophys J 2013
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Structural imaging of actin sress fibers
Alexa 488 – phalloidin in fixed COS 7 cells
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Structural imaging of actin sress fibers
Alexa 488 – phalloidin in fixed COS 7 cells
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Structural imaging of actin sress fibers

Alexa 488 – phalloidin in fixed COS 7 cells

Y

70 75 80 85 90 95 100 105

105

110

115

120

125

130

135

140

2 mm

85



Label-free
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All dipole radiations 
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Polarization resolved Nonlinear microscopy

THG FWM / 

CARS
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Polarization resolved nonlinear microscopy
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Experimental

F i t

S. Brasselet, AOP 2011

J. Duboisset et al., PRA 2012

F.Z. Bioud et al., PRA 2014

Rotating

polarization a0° 180°
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Polarization resolved SHG/TPF
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60 mm

SHG polarized microscopy in collagen

SHG 
Intensity

S2,f2

10 mm
High disorder

High order
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High disorder

High order

Sison et al. In prep (2021)

SHG 
Intensity

S2,f2

Fast SHG polarized microscopy in collagen

100 mm
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1 image/sec

EOM or AOM based

1MHz polarized modulation

+ lock-in detection



0

Balla et al. ACS Photonics (2017)

40nm pixel size

45nm

Au
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pSHG provides sub-diffraction information
Gold nanorods



Balla et al. ACS Photonics (2017)

Collaboration R. Quidant, ICFO
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pSHG provides sub-diffraction information
Gold nano-stars
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Polarization resolved CARS



High orders of the molecular angular distribution

FZ Bioud et al. PRA 2014

J. Duboisset et al. JPCB 2015

2D incident 

polarization

symmetry orders
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pCARS in MLVs (CH2 stretch. bonds)

F.Z. Bioud et al., PRA 2014

M. Hofer et al. Optica (2017)
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5 µm

1 image/sec



100nm pixel size, PSF ~ 300nm
S2
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NLO imaging in depth in tissues 
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Optical imaging at large depths

Biological tissues : Ls ~ 100 mm, Lt ~1 mm 

aberrations scattering
99



lt

~  100mm

~  1mm

Biological media are forward-scattering : g ~0.9

Light propagation in biological media

Transport mean free path : 

Scattering mean free path

Anisotropy:
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Optics in complex media

Wavefront distorsions come from :  

aberrations of the optics/sample scattering 

Aberrations (ballistic light) Multiple scattering (diffuse light)
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Adaptive optics

1mm

Signal

controler

Deformable mirror
and feedback loop

Image of the retina. Dr. Stephen 

A. Burns. Scale bar: 50 μm.
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Ji N, Nature Methods, 14(4):374–380 (2017)

Adaptive optics and 2PF imaging
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Combining fluorescence microscopy with 

adaptive optics in aberrant/scattering media

E. Betzig lab, Nat Meth 2014

living zebrafish brain 104



Spatial distortions

Speckle

Imaging above Lt ? scattering media

Y. Silberberg

A : illumination area



CW Wavefront Shaping
Vellekoop and Mosk, OL 2007

Optimization iterative process on N SLM pixels
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CW Wavefront Shaping by 

transmission matrix inversion (TM)
Popoff and Gigan, PRL 2010

SLM pixelsCCD pixels

(measured by phase 

step interferometry)

Refocussing through a 

scattering medium :

107



spatial + temporal distortions

 time

Spatio-

temporal 

speckle

(Multi-path 

problem)

Ultrashort pulses in a scattering medium

time

sp
ac

e

Y. Silberberg



CW vs.short pulse propagation

in scattering media

CW

fs

Y. Silberberg



M. Mounaix PhD (2016)

Medium spectral width 𝛿𝜆𝑚

(ZnO scattering

thick sample)

Light confinement time 𝜏𝑚

Short pulse propagation in scattering media

Single speckle

grain, interferom. 

Cross-corr.

Averaged 1000 speckle grains : 

Autocorr.

Number of spectral or temporal 
speckle grains (or modes) : 110



D.J. McCabe, et al. Nat Comm (2011)

Spatiotemporal focusing of an ultrafast pulse

by local pulse characterization

through a scattering medium

The speckle is 

imaged on a 2D 

spectrometer

After phase compensation

at a precise location

Space and time are TL
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Spatiotemporal focusing by a spatial control

Katz et al. Nature Photonics 5 (2011)

Initial excitation                      Optimized  

Through 500mm thick bone:

Optimization of 

a 2PF signal

naturally optimizes

spatiotemporal focusing



Initial temporal width Optimized temporal width
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Spatially resolved autocorrelation widths

Temporal control is 

possible by spatial 

modulation

Spatiotemporal focusing by a spatial control

Katz et al. Nature Photonics 5 (2011)



Coherent spectral control of the output pulse: 

Multi–Spectral Transmission Matrix

M. Mounaix, S. Gigan, PRL 2016 

TM measured for 21 wavelengths

within a 13nm spectral window

around 800nm

measured spatio-spectral components of the TM

MSTM 

refocussing : 

114

Both time and space can be controlled



Conclusion

Fundamental biological studies : 

there is room for optimal optical

schemes for in-depth real time 

imaging

Clinical applications : from nonlinear

microscopy to endoscopy

Rigneault et al. I. Fresnel

Efficient nonlinear microscopy imaging requires time, 

space and polarization control

Blochet (phD2018), Gigan, 

Bourdieu
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