
Bi177 – Lecture 10      
 

“Quantitative“ Fluorescence 
 Fluorescence linearity (non-linearity) 
  Dye, microscope, camera 
 Flat-fielding to linearize 
 Quantitating the image 
 Multispectral imaging 
 FRET 



Our discussion of fluorescence has made hidden 
assumption that dyes have an ideal behavior 

How true is this? 

Fluorescent Dye 
   Dipole antenna 

      Delocalized electrons 

   Longer dipole, longer λ 



Fluorophore absorption 

Beer-Lambert law 
Iout = Iin exp (- ε L c) 
Iabsorbed = Iout - Iin 
 
Iin: incident light intensity (in W.cm-2) 
L: absorption path length (in cm) 
c: concentration of the absorber (in M or mol.L-1) 

ε: molar absorption coefficient (in M-1cm-1 or mol-1.L.cm-1) 
 

Fluorescein ε ~ 70 000 M-1.cm-1 

eGPP  ε ~ 55 000 M-1.cm-1 
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Fluorophore absorption 
Other expressions of the Beer-Lambert law: 
 
Iout = Iin exp (- ε L c) 
Iout = Iin exp (- σ L N) 
Iout = Iin exp (- µa L) 
 
Iin: incident light intensity in W.cm-2 
L: absorption path length in cm 
c: concentration of the absorber in M or mol.L-1 

N: density of the absorber in molecule.cm-3 

ε: molar absorption coefficient in M-1cm-1 or mol-1.L.cm-1 

σ: absorption cross section in cm2 or cm2.molecule-1 

µa: absorption coefficient in cm-1 
 

N = NAvogadro . 10-3 c (1L = 103 cm3) 
ε = NAvogadro . 10-3 σ = 6.022 1020 σ 
 
eGPP  
ε = 55 000 M-1.cm-1 

σ = 9.13 10-17 cm2.molecule-1  
 



Fluorophore absorption 

µt = µa + µs 

µt= εc 
µa = εa c 

ε = εa if no scattering 
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In the literature… 
 
The “extinction coefficient” is usually 
given in tables. 
confusions: 
- “extinction coefficient” used for 
“absorption coefficient” (it assumes the 
scattering coefficient is negligible) 
- “extinction coefficient” used for “molar 
extinction coefficient” (check the unit!) 

 
 

ε(λ)! 
The maximum is given in tables, or the 
excitation wavelength is indicated. 



Fluorophore absorption 

it is the molar absorption coefficient 

Shaner et al, Nature Biotechnology, 2004 

Example: properties of fluorescent protein variants 



Quantum Yield  
Q = Iemitted /Iabsorbed 
    = # photons emitted / # photons aborbed 
 
(Iabsorbed = Iout - Iin)  
 

Fluorescein      Q ~ 0.8 
Rhodamine B   Q ~ 0.3  
eGPP                Q ~ 0.6 
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Fluorophore brightness = εQ  

Shaner et al, Nature Biotechnology, 2004 

Example: properties of fluorescent protein variants 

DsRed      εQ ~ 0.79 x 75 000 ~ 59 250 M-1.cm-1  (100%) 
mRFP1      εQ ~ 0.25 x 50 000 ~ 12 500 M-1.cm-1  (21%) 
eGPP      εQ ~ 0.6 x 55 000 ~ 33 000 M-1.cm-1    (56%) 
Fluorescein   εQ ~ 0.8 x 70 000 ~ 56 000 M-1.cm-1  (95%)   (dye!) 



Extinction coefficient and quantum yield corresponds to “well 
behaved” dye in the dilute limit: dilute photon and dilute dye 

The dilute limit  

From Michael Liebling, UCSB 



As photons hit specimen: dye molecules excited and less dye left unexcited 
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The dilute limit: dilute photons  

Saturation! 



Interstate crossing (ISC)  

From Michael Liebling, UCSB 



to irreversible dark state 
= photobleaching! 

Interstate crossing (ISC) and photobleaching  

As ISC takes place: less dye molecules available and unexcitable dye accumulates 

From Michael Liebling, UCSB 



Cycle of a fluorophore  

From Michael Liebling, UCSB 



Interstate crossing (ISC) and photobleaching  

A good dye is more photostable (less photobleaching) 



Interstate crossing (ISC) and photobleaching  

after 30 seconds 



Photobleaching characterization 

Shaner et al, Nature Biotechnology, 2004 

Example: properties of fluorescent protein variants 



 
Resonance Energy Transfer (non-radiative) 

 

Transfer of energy from one dye 
to another 
Depends on: 
  Spectral overlap 
  Distance 
  Alignment 



FRET is not always between dissimilar dyes 
“Self-quenching” of dye 

 (“hot-potato” the energy until lost) 

 

Depends on: 
  Dye Concentration 
  Geometry 
  Environment 

Log [dye] 

Log I 

~0.1uM 



“Self-quenching” of dye 

Depends on: 
  Dye Concentration 
  Geometry 

Log [dye] 

Log I 

~0.1uM 

Hard for emission from this one 

Easier emission from this one 

A uniformly dyed structure Instead, looks “hollow” 



A uniformly dyed structure Instead, looks “hollow” 

If structure large enough, collection efficiency not 
equivalent for top, side, bottom 

Can even become a crescent 



Example: 
in = level of expression of a fluorescent protein 
out = fluorescent signal and grey level of pixel on an image. 
 
 

Fluorescence quantification based on signal intensity 

input: [fluorophore] Output: pixel grey levels 



Example of nonlinearity: pixel saturation 
(detector or digital contrast) 

Solution(s): use less power!!!, decrease the acquisition time, decrease [fluorophore],… 



Solution(s): use less power!!!, decrease the acquisition time,… 

Example of nonlinearity: fluorophore saturation 



Solution(s): optimize the excitation wavelength, increase the acquisition time, use more 
power, use a stronger fluorophore, increase [fluorophore],… 

Example of nonlinearity: noise 



Solution: use less power! 

Example of nonlinearity: photo-induced fluorescence 



Red channel 

zoom out after imaging in this area 

Green channel 

Example of nonlinearity: photo-induced fluorescence 

Bleaching! Induced  
auto-fluorescence! 



Same object imaged at different tissue depth… 

Compare what is comparable: imaging depth 

The fluorescence level depends on  
   the depth of imaging and the optical properties of the the tissue  
   (variation from one sample to another)… 
All dyes look redder as you look deeper in tissue 



How to protect yourself from non-linearities? 

You can’t - but you can look for diagnostic defects 
• Edges to structures 
• Asymmetries in intensity 

 
Test: reduce laser; does image reduce proportionately? 
 
Avoid over-labeling 
Avoid over-stimulating 
 
“When in doubt, reduce intensity of stimulation” 



light source 
(image of arc) 

Microscope has non-linearities 

Relay optics 

Objective 
 

Eyepieces 
 

Camera 



θ


N.A. =  η sin θ 

Objective lens better at collecting light near center 



No free lunch from Confocal 

Good: Single detector 

Good: Single light 
source 

Bad: very sensitive to 
optical aberrations 

Bad: Easy to saturate 
dye (less excitation, ISC) 



The image cannot be displayed. Your computer may not have enough memory to open the image, or the image may have been corrupted. 
Restart your computer, and then open the file again. If the red x still appears, you may have to delete the image and then insert it again.

Spherical Aberration 
The image cannot be displayed. Your computer may not have enough memory to open the image, or the image may have been corrupted. Restart your computer, and then open the file again. If 
the red x still appears, you may have to delete the image and then insert it again.

Lateral Chromatic Aberration 



Solution: Flat Fielding (pixel by pixel correction) 
Requirements: 
   Specimen of uniform intensity 
   Set of specimens of different known brightness 

Slide with double-stick tape 
Cut holes in tape 
Drop dye in holes  
   Different [dye] in each hole 
Coverslip over the top 
 



Intensity 

[dye] 

On pixel by pixel basis 
   Plot I vs [dye] 
   Calculate slope & intercept 

References: 
 Kindler & Kennedy (1996) J Neurosci Methods 68:61-70 
Stollberg & Fraser (1988) J Cell Biol  107: 1397–1408. 

Watch for warning sign 
Sublinear -> self-quenching 



References: 
 Kindler & Kennedy (1996) J Neurosci Methods 68:61-70 
Stollberg & Fraser (1988) J Cell Biol  107: 1397–1408. 

Raw image Slope array Offset array x = + 

Flat-fielded 
image 



So how many fluors does a given intensity equal? 

J Neurosci Methods 105:55-63 (2001) 



Beads with Ni-NTA; GFP::His6 

0 pM 1 pM 

10 pM 

J Neurosci Methods 105:55-63 (2001) 
Alternative:  use viruses with defined numbers of GFP’s 



J Neurosci Methods 105:55-63 (2001) 



Spectral image dataset 

λ-stack 
 
λ can be: 
 
(i) λexcitation  
images acquired in a single 
channel at different λexcitation 

 
(ii) λemission 
images acquired at a single 
λexcitation in several channels 
at different (λemission) 
 

Garini et al, Cytometry Part A, 2006 



Spectral image dataset 

Garini et al, Cytometry Part A, 2006 



Spectral imaging with a grating 



Spectral imaging with a prism and mirrors 



Choose spectrally well-separated dyes 

if not possible: use spectral unmixing! 



Spectral unmixing: general concept 
Multi-

channel 
Detector 

Collect Lambda 
Stack 

Derive Emission 
Fingerprints 

FITC Sytox-green 

Raw Image 

Unmixed Image 



Linear spectral unmixing: principle 

To solve and obtain Ai for each pixel  

From Michael Liebling, UCSB 



Linear spectral unmixing: principle 

2 possibilities: 

From Michael Liebling, UCSB 



Spectral unmixing: GFP/YFP 



Spectral unmixing of autofluorescence 

Red and green arrows indicate regions from which sample spectra were obtained. 
Blue = computed spectrum 

(a) Image obtained at the peak of one of 
the quantum dots. 
(b) Unmixed image of the 570-nm 
quantum dot.  
(c) Unmixed image of the 620-nm 
quantum dot.  
(d) Combined pseudocolor image of (b) 
(green), (c), and autofluorescence 
channel (in white).  

Mansfield et al, Journal of Biomedical Optics (2005) 



FRET: 
Resonance Energy Transfer (non-radiative) 

The Good:  FRET as a molecular yardstick 

Transfer of energy from one dye 
to another 
Depends on: 
  Spectral overlap 
  Distance 
  Alignment 



FRET: 
  Optimize spectral overlap 
  Optimize κ2 -- alignment of dipoles 
  Minimize direct excitement of the acceptor 

 (extra challenge for filter design) 

donor acceptor 



4nsec 

0.8 emitted 

FRET Diagram 

Non-radiative transfer 

-xx- 
Less 

-xx- 
Less 



The Förster Equations.  

r is the center-to-center distance (in cm) between the donor and acceptor 
τd is the fluorescence lifetime of the donor in the absence of FRET 
κ2 is the dipole-dipole orientation factor,  
Q0 is the quantum yield of the donor in the absence of the acceptor 
η is the refractive index of the intervening medium, 
FD (λ) is the fluorescence emission intensity at a given wavelength λ (in cm) 
εA (λ) is the extinction coefficient of the acceptor (in cm -1 M -1).  
 
The orientation factor κ2 can vary between 0 and 4, but 
typically κ2 = 2/3 for randomly oriented molecules (Stryer, 1978). 
 
When r = R0, the efficiency of FRET is 50% 
(fluorescein-tetramethylrhodamine pair is 55 Å) 



Isolated donor 

Effective between 10-100 Å only 
Emission and excitation spectrum must significantly overlap 
Note: donor transfers non-radiatively to the acceptor 

Donor distance too great 

Donor distance correct 

More about FRET (Foster Resonance Energy Transfer) 

From J. Paul Robinson, Purdue University 
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“Quantitative“ Fluorescence 
 Fluorescence linearity (non-linearity) 
  Dye, microscope, camera 
 Flat-fielding to linearize 
 Quantitating the image 
 Multispectral imaging 
 FRET 





4nsec 

The realities strike 

1.  The acceptor excited directly by the exciting light 
•  “FRET” signal with no exchange 
•  Increased background 
•  Decreases effective range for FRET assay 



The realities strike 

2.  Hard to really serve as a molecular yardstick* 
•  Orientation seldom known 

assume κ2 = 2/3 (random assortment) 
 

•  Exchange depends on environment of dipoles 
 
•  Amount of FRET varies with the lifetime of 

the donor fluorochrome 

*  r = R0, the efficiency of FRET is 50% 
(fluorescein-tetramethylrhodamine pair is 55 Å) 



Amount of FRET varies with the lifetime of the 
donor fluorochrome 

4nsec 

Longer lifetime of the donor gives longer time to 
permit the energy transfer (more for longer) 

Added Bonus:  Allows lifetime detection to reject 
direct excitement of the acceptor (FRET=late) 



These drawbacks can all be used to make sensors 

Change in FRET for changes in: 
•  Orientation 

 cameleon dye for Ca++ 

 
•  Local environment 

Phosphate near fluorochrome 
Membrane voltage (flash) 
 

•  Change in lifetime of donor 
Binding of molecule displacing water 



Miyawaki et al, Nature, 1997 

Calmodulin bonds Ca2+  

and changes its conformation 

[Ca2+] 

Cameleon family: calmodulin-based 
indicators of [Ca2+] using FRET 

Cameleon: FRET-based and genetically-encoded calcium probe  

isosbestic point 



Rudolf et al, Nature Reviews Molecular  Cell Biology, 2003 

Cameleon: FRET-based and genetically-encoded calcium probe  



Ratiometric dyes offer easiest quantitation 
 
uncertainty from amount of dye loaded: 

deltaF/F imaging can help 
isosbestic point is best 

 
Making a ratio dyes by standardizing with a second dye: 

F from indicator / F from standard 
problem of different bleach rate 
problem of different ISC to dark state 

 



Folding and bleaching of fluorescent proteins  

Shaner et al, Nature Biotechnology, 2004 

Example: properties of fluorescent protein variants 

eGFP  ~ 2h 


