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Optical Imaging

Q:   - Why?

A:   - It’s the natural way
- We know how light travels through media
- It’s easy (cheap) to see – detect light
- We can use probes to tag specific targets
in model organisms

- Follow specific gene activities and pathways
- Study biological function, in vitro & in vivo
- Understand animal biology
- Translate to human level

Use:
- Absorption & Scattering (Light transport)
- Beacons – Fluorescent molecules



Methods

- Microscopy

- Photography

- Fluorescence reflectance imaging

- Diffuse optical tomography
(contrast: ∆absorption, ∆scattering)

- Fluorescence tomography

(contrast: ∆fluorescence)

- Bioluminescence

- Photoacoustic imaging

- Multimodal imaging

Photonic Imaging
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• Fluorescent dyes

• Fluorescent proteins

Photonic imaging

Labeling



Photonic Imaging principle
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Image formation
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Scattering media
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Scattering & fluorescing media
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Jablonski diagram

Fluorescence

Jablonski diagram

Fluorescence

Quinine Fluorescence under UV light



Fluorescence

Contrast agents

Fluorescing Proteins Nanoparticles

R. Weissleder, Nature Reviews, 2, 1-8 (2002)



Contrast agents

R. Weissleder, Nature Biotech. 19, 316-317 (2001)

Contrast agents

R. Weissleder, Nature Reviews, 2, 1-8 (2002)



Indocyanine Green (ICG)

• A tricarbocyanine dye with infrared absorption properties

• Absorption at 780nm and Emission at 820nm

• Very important because of the peak absorption and emission at the IR range

• Very little absorption in the visible range

• Approved for human use and has been used for decades

Chemical structure Spectra

ICG clinical applications

Ophthalmic angiography
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Ntziachristos V., et. al. PNAS USA 97(6): 2767-2772 (2000).

MI luminescent probes

R. Weissleder et al, Nat. Biotech. 17, 375 (1999)



Enzyme activity

R. Weissleder and V. Ntziachristos, Nat. Med. 9, 123 (2003)

Treatment response

Protocol

Tumor 
implantation Treatment Treatment

Cy5.5 – annexin V

FMT8 days 36 h 4 h

LLC sensitive LLC resistant

V. Ntziachristos et al, Proc. Natl. Acad Sci 101(33) (2004).



Treatment response

V. Ntziachristos et al, Proc. Natl. Acad Sci 101, 33 (2004).

Nanoparticles



Nanoparticles

W. Cai and X. Chen, Small 3, 1840 (2007)

Quantum Dots 

• High quantum yield (90%)

• Tunable emission wavelength by varying the 

dimensions of the Qdot

• Resistant to photobleaching, very useful for 3D 

in vivo imaging

• Broad absorption spectrum compared to fluorophores

• Photo-toxicity
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Quantum Dots 

P. Alivisatos, Nat. Biotech 22, 47 (2004)

Quantum dots

Sentinel lymph node mapping in mice

J. V. Frangioni et al, Nat. Biotech. 22, 93 (2004)



W. Cai and X. Chen, Small 3, 1840 (2007)

Quantum dots

Carbon dots and wires



Nanoparticles

W. Cai and X. Chen, Small 3, 1840 (2007)

Nanoparticles

W. Cai and X. Chen, Small 3, 1840 (2007)



FLUORESCING PROTEINS

1955: Green fluorescent substance in jellyfish first described.

1962: GFP identified as protein, extracted from 10,000 jellyfish 

1969: “Green protein” named green fluorescent protein. 

1974: Intermolecular energy transfer between aequorin and GFP in jellyfish

1979: Shimomura characterized structure of chromophore.

1985: Prasher clones and expresses aequorin. 

1992: GFP cloned.

1994: GFP expressed in E. coli and C. elegans. Mechanism for chromophore 

formation. First new color (blue).

1996: Tsien designs a mutant based on crystal structure of GFP. It is yellow 

fluorescent. 

1997: FRET between two fluorescent proteins used as a Ca2+ sensor named 

Cameleon

Timeline



1999: Red fluorescent proteins (DsRed) discovered in anthozoan corals. Leads to 

discovery of many new fluorescent proteins and chromoproteins.

2000: The biggest difference between green fluorescent protein and it's red analog, 

DsRed, is that the chromophore of DsRed has an extra double bond which extends 

the chromophores conjugation and causes the red-shift.

2003: Kindling protein (KFP) can undergo irreversible photo-conversion from non-

fluorescent to stable red fluorescent form upon photo-activation.

2004: New “fruit” FP’s generated by in vitro and in vivo directed evolution. 

2007: mKate, bright far-red FP. 

2008: The first mutant of the Aequorea victoria GFP that forms a red chromophore 

reported.

Timeline

GFP DsRed

GFP Structure



Osamu Shimomura

Osamu Shimomura was the first 

person to isolate GFP and to find out 

which part of GFP was responsible 

for its fluorescence. His meticulous 

research laid the solid foundations on 

which the GFP revolution was built. 

In 1960, shortly after he arrived in 

Princeton from Japan, Shimomura 

started studying the bioluminescence 

of the crystal jellyfish, Aequorea

victoria.

Douglas Prasher

Douglas Prasher was the first person to realize 

the potential of GFP as a tracer molecule. In 1987 

he got the idea that sparked the GFP revolution. 

He thought that GFP from a jellyfish could be 

used to report when a protein was being made in 

a cell. Proteins are extremely small and cannot be 

seen, even under an electron microscope. 

However if one could somehow link GFP to a 

specific protein, for example hemoglobin, one 

would be able to see the green fluorescence of 

the GFP that is attached to the hemoglobin. It 

would be a bit like attaching a light bulb to the 

hemoglobin molecule. 

Gene 111, 229-233, (1992 )



Marty Chalfie

Chalfie wanted to use GFP as a marker 

that could be attached to a promoter. The 

promoter is a region of DNA located in 

front a gene, when the cell needs to 

make a specific protein, it binds to the 

promoter for that gene, which in turn 

activates the gene. By attaching GFP to a 

promoter, Chalfie was hoping that GFP 

would be produced whenever the 

promoter it was attached to was 

activated; in this way GFP fluorescence 

could be used to signal activation of the 

GFP-tagged promoter. 

Science 263, 802 (1994)

Roger Tsien

While Shimomura, Prasher and Chalfie were all 

instrumental in taking GFP from the jellyfish and 

showing that it can be used as a tracer molecule, it is 

Roger Tsien who is responsible for much of our 

understanding of how GFP works and for developing 

new techniques and mutants of GFP. His group has 

developed mutants that start fluorescing faster than 

wild type GFP, that are brighter and have different 

colors.



2008 Nobel Prize in 
Chemistry

Press Release
8 October 2008
The Royal Swedish Academy of Sciences has decided to award 
the Nobel Prize in Chemistry for 2008 jointly to:

Osamu Shimomura, Marine Biological Laboratory (MBL), Woods 

Hole, MA, USA and Boston University Medical School, MA, USA,

Martin Chalfie, Columbia University, New York, NY, USA

and

Roger Y. Tsien, University of California, San Diego, La Jolla, CA, 

USA

"for the discovery and development of the green fluorescent 
protein, GFP".     

A MOLECULAR MICROSCOPE

Spectra



Red coral proteins

A major breakthrough in GFP applications 

came when Sergey Lukyanov found some 

GFP-like proteins in corals. No one before 

Lukyanov had tried looking for GFP-like 

proteins in corals because corals do not 

bioluminesce (that is give off light using 

chemical energy like fireflies do). Lukyanov

also found a red fluorescent protein (called 

DsRed). His findings resulted in the discovery 

of many new GFP-like proteins in non-

bioluminescent and sometimes even non-

fluorescent marine organisms. 

Why Near Infra Red?



Light

cell

nucleus

DNA
FP encoding

Gene

promoter

Fluorescing Protein

Excitation light

Fluorescence protein labeling

• FPs are visual markers

• Study of biological processes (example: synthesis of 

proteins)

• Localization and regulation of gene expression

• Cell movement

• Cell fate during development

• Formation of different organs

• Study disease progression and therapy efficiency

• Etc…

Significance
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Detection

GFP subcutaneous tumors

9L-GFP Human Glioma cells
Injected under the mammary fat pad
Allowed to grow for 21 days

Tomographic slices

z



Lung tumor model

9L – GFP human Glioma cells
Injected into the right lung

Imaged at Day 10, 18 and 20 
With FPT & X-ray CT

G. Zacharakis et al., PNAS 102, 18252-18257 (2005)

Lung tumor growth

G. Zacharakis et al., PNAS 102, 18252-18257 (2005)
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Multicolour imaging

Rosy Favicchio

Multi-color imaging
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Brainbow

First: 
• Image @ 510nm + 5nm and 570nm + 5nm

Then:
• Apply the algorithm ⇒ Deconvolved images of YFP-tumor & GFP-virus

Viral gene delivery

G. Zacharakis et al., PNAS 102, 18252-18257 (2005)



BIOLUMINESCENCE
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Bioluminescence

Chemical Reaction
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Bioluminescence
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Bioluminescence

Migration of luc-labeled neural progenitor cells across the 
brain midline attracted by a contralaterally implanted glioma

R. Weissleder, Nat. Med. 9, 123 (2003)

Bioluminescence 3D imaging

A. Chaudhari et al. Phys. Med. Biol. 50 5421 (2005)



The search for Red Proteins


