
Rayleigh Scattering- Elastic Scattering
"photon bouncing off a molecule/atom"
Scattered light has same λ as incident light.

Raman Scattering- Inelastic scattering 
Incident light alters vibrational or rotational energy 
Happens to ~1 in 107 photons
Scattered light has longer λ (lower energy) 

than the incident light.

Fluorescence- Absorbed light electronically excites a molecule
Decay after a resonance lifetime
Emitted light typically has a longer λ than incident light
Can have a very high probability of occurring

Scattering & Fluorescence



Fluorescence

S0, S1, S2 = Singlet ground, first, &
second electronic states

0,1,2 = Vibrational energy levels
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Lecture 3
Fluorecence Detection and Dyes

for DNA Sequencing

DNA sequencing on slab gel in 1993
Sensitivity- 10-17-10-18 moles of fluorophore/band

(~500 bands per lane- A lot!!!!!)

Can’t sequence genome if need this much DNA!!!!
Analytical Chemistry to the rescue again!!!!

Definitions for CE
atto:  10-18

zepto: 10-21

yocto: 10-24

Limits of Detection for CE
1. Concentration (CLOD)- molar 
2. Mass (MLOD)- moles



Fluorescence Detection By CE

Components:
Excitation Source
Detection Cell/Window
Light Collection Optics
Detector

Excitation Source- Laser
(for fluorescence measurements by CE)

Coherent, Low Divergence, 
Monochromatic, High photon flux
High beam quality- focused to small spot size.



Excitation Source

Argon Ion Laser- Major lines at 488 & 514 nm
1. Very popular
2. Plethora of fluorophores exciting at 488 nm

(fluorescein, its relatives, & others)
3. Small & relatively rugged 
4. Low noise versions 
5. Long lifetimes & relatively inexpensive
6. Used to sequence the human genome

"Going the way of the typewriter!!!"

Most popular now-
Solid-State, Blue Lasers- available at 473 or 488 nm. 



Detection Cell/Window

“On-Column”
1. Good sensitivity
2. Most common
3. Very simple
4. Low cost
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“On-Column”

Detection Cell/Window

Issues:
1. Reflected/scattered light

at air:glass interface
2. Reflected/scattered light

at glass:water interface
3. Curved glass surfaces
4. Glass impurities

Anazawa et al, Anal. Chem. 1996, 68:2699.

AirGlassBufferGlassAir



Detection Cell/Window

“On-Column”

Partial solutions:

1. Best sensitivity with 
visible-λ fluorophores.

2. Focus laser beam to a size
smaller than the lumen diameter.

3. Use confocal excitation/emission
(see subsequent section)

Capillary Wall

Capillary LumenFocused
Laser
Beam

Eliminate
Side-Wall

Scatter



“Off-Column”- Spatially
& Spectrally Separates
Fluorescence from
High Background

1. Moves index of
refraction mismatch away
from the analyte stream.

2. Flat, high quality
quartz window

3. Ultra-high sensitivity
Issues:
Complexity

Laser

Cheng & Dovichi, 1988, Science, 242:562.

Detection Cell/Window



Detection Cell/Window

Pumped
Sheath
Buffer Capillary

Analyte
Stream

Quartz
Window

Laser

Sheath Sheath
Buffer Buffer

Analyte

Stream

“Off-Column”
1. Rate of sheath flow

controls diameter of
analyte stream.
(no band broadening)

2. Laminar flow at low 
rates- No mixing
with sheath fluid.

3. Laser is focused to the
size of analyte stream.



Light Collection & Detector

Detector: Photomultiplier Tube (PMT)
wide dynamic range
high sensitivity
low cost

Light Collection:
1. Maximize collection of fluorescent light
2. Minimize collection of background light

a. Reflected/scattered light from interfaces
b. Rayleigh scattering- particulates
c. Raman scattering from water
d. Background fluorescence

(buffer solution or glass walls)



Maximizing Collection of Fluorescent Light
Fluorescence- Isotropic i.e. emitted in all directions

Need a Lens for Light Collection
(typically microscope objective)

Fraction of light collected =
Collection Efficiency =

sin2[0.5 arcsin(NA/n)]

where 
NA = numerical aperture
n = index of refraction of medium

around lens = 1 (for air)

High NA microscope objectives
give the best S/N.

Capillary

Fluorescence

Lens

To Detector



Minimizing Background Light- Raman

abs. emiss.

Problematic Raman Band
(using 488 nm laser line)
is at 585 nm for water.

For best S/N, must
spectrally separate 
Raman from
fluorescein emission.

Requires a bandpass filter:  
~500 nm < λ < ~570 nm

Note: Filters- high transmission (>70%) in selected region
but gratings (monochromators) have poor transmission (<1%).

Fluorescein Spectra



Minimizing Background Light
Reflected Light/Rayleigh Scattered Light-

at 488 nm (same λ as excitation).

Strategies:

1. Spectral filtering
Bandpass filter as with Raman
Notch/Razor filter-

Very high light rejection (OD > 6) at excitation λ
Very high transmission (>90%) at fluorophore emission

2. Spatial filtering
Optical Geometry-

a. Orthogonal
b. Epifluorescence (Confocal)

Apertures- Pinholes, Obscuration Bars



Orthogonal Optical Geometry
(On-Column Detection)

Spectral
Filters

Pinhole blocks out-of-focus
reflected/scattered light
at 488 nm. 

Lens or Objective
to Collect

Emitted Light



Orthogonal Optical Geometry
(Off-Column Detection)

Laser

(Spectral)

Cheng & Dovichi, 1988,
Science, 242:562.

Used for Genome
Sequencing



Epifluorescence Optical Geometry
(On-Column Detection)

PMT

Laser

Microscope
Objective
(High NA-

“Confocal”) Capillary

Dichroic Filter-
Transmits  488 nm
Reflects  > ~500 nm

Spatial
Filter

Spectral
Filters

Used for Genome
Sequencing
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1. Fluorescence increases
linearly with laser power
(until all fluorophores are excited).

2. Scattered light increases
linearly with laser power

3. Noise in background
increases as 
(laser power)1/2.

S/N ~ (laser power)1/2

Optimizing Signal to Noise

Define detection limit as a S/N of 3:
On-column detection limits of ~10-20 moles/band.
Off-column (sheath flow) detection limits of ~10-21 moles/band.
Specialized Cases: Sheath flow- 1 molecule



Fluorescent Dyes for DNA Sequencing

Need Four Dyes With These Attributes:
1. A common excitation λ.
2. High yet similar molar absorbances.
3. Four well-separated emission λ.
4. High yet similar quantum efficiencies. 
5. Minimal and similar μ shifts when attached

to DNA strands.
6. Common set of fluorescent reagents for all

sequencing.



Smith, L.M. et al 1986, Nature 321:674-9.

612 599 Texas Red (TR)

582 556 Tetramethyl-rhodamine
(TMR) 

540 475 4-Chloro-7-nitrobenzo-2-
1-diazole (NBD) 

516 493 Fluorescein (FAM) 
Emission max (nm)Absorption max (nm) 

Each base-specific
reaction (Sanger rxn)
had a different dye-

labeled primer:

Initial Four Dyes
for DNA Sequencing



Smith, L.M. et al 1986, Nature 321:674-9.

Excitation Spectra

Emission Spectra

FAM

FAM

NBD

NBD

TMR

TMR

TR

TR

Issues With Initial Four Dyes

Issues:
1. Required 2 excitation 

wavelengths.
2. Dyes were not equally 

bright.
3. Emission λ overlap.
4. μ shifts for the different

dyes are not similar.
5. Need 4 different primers 

for each sequencing rxn.



Improvements to Initial Four Dyes

Swerdlow et al 1990, Nucl. Acids Res. 18:1415;
Karger et al  1991, Nucl. Acids Res. 19:4955;
Metzker et al 1996, Science 271:1420.

New Fluorophores:
1. Improved fluorescein and rhodamine derivatives-

Fluorescein-derived: JOE;  Rhodamine-derived: TAMRA & ROX
Better spectral properties.
Still require 2 excitation λ.
Nonuniform shifts in μ.

2. BODIPY dyes-
Good spectral prop.
Uniform shifts in μ.
Still require 2

excitation λ.

Emission Spectra



Fluorescent Dyes for DNA Sequencing

Need Four Dyes With These Attributes:
1. A common excitation λ.
2. High yet similar molar absorbances.
3. Four well-separated emission λ. Done
4. High yet similar quantum efficiencies. Done
5. Minimal and similar μ shifts when attached

to DNA strands. Done
6. Common set of fluorescent reagents for all

sequencing.



Improvements in Dye Labeling Technology
Dye-Labeled Terminators- Fluorophore is linked to 

the ddNTP terminator. Use the same 4 terminators
for all sequencing reactions.

Note: These also required improvements in the 
polymerase so it could utilize the labeled terminators.

(FAM)
(JOE)
(TAMRA)
(ROX) Prober et al, Science, 1987, 238:336;

Rosenblum et al, Nucl. Acids Res. 1997, 25:4500



Fluorescent Dyes for DNA Sequencing

Need Four Dyes With These Attributes:
1. A common excitation λ.
2. High yet similar molar absorbances.
3. Four well-separated emission λ. Done
4. High yet similar quantum efficiencies. Done
5. Minimal and similar μ shifts when attached

to DNA strands. Done
6. Common set of fluorescent reagents for all

sequencing. Done



hγin hγout

Fluorescence Resonance Energy Transfer



Developed by Mathies’ and 
Glazer’s labs.  Their paper 
using a FAM donor (PNAS 

1995, 92:4347) is
on the web  site.

Cy5 Donor

Primer Sequence
with Attached Acceptor

Two dyes per primer:
1. Common donor

FAM or Cy5 
(common exc.- 488 nm)

2. DNA spacer between dyes
3. Different acceptors

FAM, JOE, TAMRA, ROX

Energy Transfer Dyes on Primers Permit 
Single Wavelength Excitation!

Guanine



Primers with Cy5 Donor and An Acceptor 

Hung et al, 1996, Anal. Chem. 243:15.



Energy Transfer Pairs for Terminators

Lee et al, 1997, Nucl. Acids Res. 25:2816.

Carboxy-
Fluorescein

(Donor)

Rhodamine
Derivatives
(Acceptor)

Linker

Excitation Spectra-
Peaks from FAM & Rhodamine

Emission Spectra-
Single Rhodamine Dye Peak



Rosenblum et al, 1997,
Nucl. Acids Res. 25:4500.

Energy Transfer Terminators- Single λ Excitation

Acceptor
Fluorophore
(Rhodamine
Derivative)

ddTTP

Donor Fluorophore
(Carboxy-FAM)

Linker

Emission Spectra of the
Four E.T. Terminators

(“Big-Dye” TerminatorsTM

of PE Applied Biosystems)



Fluorescent Dyes for DNA Sequencing

Need Four Dyes With These Attributes:
1. A common excitation λ. Done
2. High yet similar molar absorbances. Done
3. Four well-separated emission λ. Done
4. High yet similar quantum efficiencies. Done
5. Minimal and similar μ shifts when attached

to DNA strands. Done
6. Common set of fluorescent reagents for all

sequencing. Done



Detection of Multiple Emission Wavelengths

Ju et al, 1995,
Anal. Biochem.
231:131.

A succession of
dichroic beam
splitters direct

different λ to the 
appropropriate

PMT.

On-column detection

Epifluorescence
geometry



Sequencing Run- Energy Transfer Terminators

Lee et al, 1997, Nucl. Acids Res. 25:2816.
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