
FLUORESCENCE SPECTROSCOPY AND IMAGING









Luminescence: emission of photons from electronically excited states of atoms,
molecules, and ions.
• Fluorescence: average lifetime from <10—10 to 10—7 sec from singlet states.
• Phosphorescence: Average lifetime from 10—5 to >10+3 sec from triplet

excited states.

Fluorescence occurs at much smaller scales then absorption (10 -15 sec):
this allows the spectrum to carry information about the perturbation or changes
occurring within this time scale.
Its existence was predicted by Einstein

N.B.: The lifetime of an excited state is the inverse of the transition rate from 
that excited state.

Luminescence is the emission of light from any substance, and occurs from 
electronically excited states. Luminescence is formally divided into two 
categories—fluorescence and phosphorescence—depending on the nature of
the excited state.



R = e
−ΔE /kT
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τ = 10-12 s in condensed state

τabs = 10-15 s

τ = 10-8- 10-9 s fluorescence decay (5% of total emission)



• Most of the energy absorbed by a molecule is released back
into the surroundings in the form of heat. The collisions
experienced by the molecules from the surrounding solvent
constitute the most effective mechanism of de-excitation of
molecules. However, a small faction of the absorbed energy
can be re-emitted in the form of radiation of smaller
frequency. This phenomenon is called LUMINESCENCE. Here
we will concentrate in particular on its most important form:
FLUORESCENCE.



Photophysics: Jablonski Diagram
• Photoexcitation from the ground electronic state S0 creates excited 

states S1, (S2, …, Sn)of the molecule
• At each of these energy level the fluorophore can exist in different 

vibrational levels (0,1,2)
• Kasha’s rule:  Rapid relaxation from excited electronic and vibrational 

states precedes nearly all fluorescence emission.
– (track these processes using femtosecond spectroscopy)

R = e
−ΔE /kT 8

Internal Conversion: Molecules rapidly (10-14 to 10-11 s) relax to the lowest 
vibrational level of S1. 
The emission from the excited level is therefore always associated to the 
lowest vibrational level of S1

At RT the ratio of the vibrational population between the excited and the 
ground state is very small, about 0:
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Intersystem crossing:  Molecules in S1 state can also convert to first triplet 
state T1. Emission from T1 is termed phosphorescence, shifting to longer 
wavelengths (lower energy) than fluorescence.  Transition from S1 to T1 is 
called intersystem crossing. These transition are not allowed and therefore 
are slow. Heavy atoms such as Br, I, and metals promote ISC.

Photophysics: Jablonski Diagram
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• The small fraction of molecules which decay emitting radiation from 
the lowest vibrational level of the first excited singlet state to the 
ground singlet state conserve spin (are allowed) and therefore have 
a shorter lifetime (the inverse of the transition rate), which is of the 
order of 1-10 nseconds (transition rates of about 108 sec-1)

• From this is clear that all molecules fluoresce. But some particularly 
strong fluorescent molecules are those that posses delocalized 
electrons through conjugated double bonds. For example, aromatic 
molecules are often fluorescent











Frank-Condon

All transition are vertical (10-15 s, nuclei static)



Because of internal conversion:

absorption spectra reflect the vibrational levels of the excited states

fluorescent spectra reflect vibrational states of the ground level

The spectrum of the emitted light is invariant with the excitation WL.
Only exception is azulene, which can emit from S1 and S2







The mirror image rule:

The fluorescence emission often appears as the mirror image of the 
absorption spectrum (specially when associated to S0-S1 transition)

The generally symmetric nature of 
these spectra is a result of the same 
transitions being involved in both 
absorption and emission, and the 
similar vibrational energy levels of S0 
and S1. In most fluorophores these 
energy levels are not significantly 
altered by the different electronic 
distributions of S0 and S1.
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Anthracene
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a Na

Nb
Aba

Fluorescence lifetime and quantum yield

Nb(t) = Nb(0) exp (-t/τR)

τR = 1/Aba

De-excitation rate in the absence of radiation:

Radiative life-time

Indeed the excited state can decay in many ways.
The fraction of excited singlets that become de-excited due to fluorescence is called 
Fluorescence Quantum Yield
Collision decay by: collision with solvent; dissipation through internal vibrational 
modes;
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Quantum yield is the number of emitted photons relative to the number of 
absorbed photons.
The lifetime is the time available for the fluorophore to interact with or diffuse 
in its environment, and hence the information available from its emission.

FLUORESCENCE LIFETIMES AND QUANTUM YIELDS

A main route of non-
radiative decay is 
via coupling to 
vibrations of water.



The lifetime of the excited state is defined by the average time the molecule 
spends in the excited state prior to return to the ground state. Generally, 
fluorescence lifetimes are near 10 ns.

FLUORESCENCE LIFETIMES AND QUANTUM YIELDS

Fluorescence emission is a 
random process, and few 
molecules emit their photons 
at precisely t = τ. The lifetime
is an average value of the 
time spent in the excited 
state. 
For a single exponential 
decay 63% of the molecules
have decayed prior to t = τ 
and 37% decay at t > τ.

The lifetime of the fluorophore 
in the absence of 
nonradiative processes is 
called the intrinsic or 
natural lifetime.



Indeed, many biochemical fluorophores 
do not behave as predictably as 
unsubstituted aromatic compounds. 

These discrepancies occur for a variety 
of unknown and known reasons, such 
as a fraction of the fluorophores
located next to quenching groups, 
which sometimes occurs for tryptophan 
residues in proteins.



Fluorophores can form nonfluorescent complexes with quenchers. This
process is referred to as static quenching since it occurs in the ground state 
and does not rely on diffusion or molecular collisions.





In this expression K 
is the Stern-Volmer 
quenching
constant, kq is the 
bimolecular 
quenching constant, 
τ0 is the
unquenched lifetime, 
and [Q] is the 
quencher 
concentration.





A fluorophore buried in a macromolecule is usually inaccessible to water soluble
quenchers, so that the value of K is low. Larger values of K are found if the 
fluorophore is free in solution oron the surface of a biomolecule.



Quenchers: oxygen, halogens, amines, and electron-deficient molecules like acrylamide.





CAN THERE BE ENOUGH DIFFUSION OF QUENCHER DURING THE EXCITED 
STATE LIFETIME?

If a fluorophore in the excited state collides with an oxygen molecule, then the 
fluorophore returns to the ground state without emission of a photon. 
The diffusion coefficient (D) of oxygen in water at 25C is 2.5 x 10–5 cm2/s.

Suppose a fluorophore has a lifetime of 10 ns. Although 10 ns may appear to be a brief 
time span, it is in fact quite long relative to the motions of small molecules in fluid 
solution. 
The average distance (Δx2)1/2 an oxygen molecule can diffuse in 10–8 s or 10 ns is 
given by the Einstein equation:









Advanced Optical Microscopies-5



Förster (Fluorescence ) Resonance 
Energy Transfer (FRET)

• The technique of FRET, when applied to optical microscopy, permits 
to determine the approach between two molecules within several 
nanometers

• FRET is a distance dependant radiationless transfer of energy from 
an excited donor fluorophore to a suitable acceptor fluorophore, is 
one of few tools available for measuring nanometer scale distances 
and the changes in distances, both in vitro and in vivo.

• It can be classified as a super-resolution techniques (i.e. STED)



Fluorescence Resonance Energy 
Transfer (FRET)

The mechanism of FRET involves a donor fluorophore in an excited electronic state, which may 
transfer its excitation energy to a nearby acceptor chromophore in a non-radiative fashion 
through long-range dipole-dipole interactions.



Fluorescence Resonance Energy 
Transfer (FRET)

In presence of suitable acceptor, the donor fluorophore can transfer its excited state 
energy directly to the acceptor without emitting a photon.



Fluorescence Resonance Energy 
Transfer (FRET)

• The theory supporting energy transfer is based on the concept of 
treating an excited fluorophore as an oscillating dipole that can 
undergo an energy exchange with a second dipole having a similar 
resonance frequency. In this regard, resonance energy transfer is 
analogous to the behavior of coupled oscillators, vibrating at the 
same frequency.

• In contrast, radiative energy transfer requires emission and 
reabsorption of a photon and depends on the physical dimensions 
and optical properties of the specimen, as well as the geometry of 
the container and the wavefront pathways.

• Unlike radiative mechanisms, resonance energy transfer can yield a 
significant amount of structural information concerning the donor-
acceptor pair.



Fluorescence Resonance Energy 
Transfer (FRET)

• In the process of FRET, initially a donor fluorophore absorbs the 
energy due to the excitation of incident light and transfer the 
excitation energy to a nearby chromophore, the acceptor.

• Energy transfer manifests itself through decrease or quenching of 
the donor fluorescence and a reduction of excited state lifetime 
accompanied also by an increase in acceptor fluorescence intensity.



Fluorescence Resonance Energy 
Transfer (FRET)

• There are few criteria that must be satisfied in order for FRET to 
occur. These are:

(i) the fluorescence emission spectrum of the donor molecule must 
overlap the absorption or excitation spectrum of the acceptor 
chromophore. The degree of overlap is referred to as spectral 
overlap integral (J). 

(ii) The two fluorophore (donor and acceptor) must be in the close 
proximity to one another (typically 1 to 10 nanometer).

(iii) The transition dipole moments of the donor and acceptor must 
be approximately parallel to each other. 

(iv) The fluorescence lifetime of the donor molecule must be of 
sufficient duration to allow the FRET to occur.



Fluorescence Resonance Energy 
Transfer (FRET)

Förster showed that the efficiency of the FRET process (EFRET ) 
depends on the inverse sixth power of the distance between 
the donor and acceptor pair (r) and is given by:

where R0 is the Förster radius at which 
half of the excitation energy of donor is
transferred to the acceptor chromophore. 

Therefore Förster radius ( R0 ) is referred
to as the distance at which the efficiency 

of energy transfer is 50% and is about 2-6 nm



Fluorescence Resonance Energy 
Transfer (FRET)

• The Förster radius ( R0 ) depends on the fluorescence quantum yield of the 
donor in the absence of acceptor (fd ), the refractive index of the solution 
(η ) , the dipole angular orientation of each molecule (K2 ) and the spectral 
overlap integral of the donor-acceptor pair (J ) and is given by



Fluorescence Resonance Energy 
Transfer (FRET)

• In summary, the rate of FRET depends upon the extent of spectral 
overlap between the donor acceptor pair, the quantum yield of the 
donor, the relative orientation of the donor-acceptor transition 
dipole moments and the distance separating the donor-acceptor 
chromophore. 

Any event or process that affects the distance between the donor-
acceptor pair will affect the FRET rate, consequently allowing the 
phenomenon to be quantified, provided that the artifacts can be 
controlled or eliminated. As a result, FRET is often referred to as a 
`spectroscopic/molecular ruler´, for example to measure the 
distance between two active sites on a protein that have been 
labelled with suitable donor-acceptor chromophore, and therefore 
monitoring the conformational changes through the amount of 
FRET between the fluorophores.



Fluorescence Resonance Energy 
Transfer (FRET)

The detection and quantitation of FRET can 
be made in a number of different ways. 
Simply the phenomenon can be observed 
by exciting a specimen containing both the 
donor and acceptor molecules with light 
emitted at wavelengths centered near the 
emission maximum of the acceptor.

Because FRET can result in both a decrease 
in fluorescence of the donor molecule as 
well as an increase in fluorescence of the 
acceptor, a ratio metric determination of 
the two signals can be made. The 
advantage of this method is that a measure 
of interaction can be made that is 
independent of the absolute concentration 
of the sensor.



Fluorescence Resonance Energy 
Transfer (FRET)

• Because not all acceptor moieties are 
fluorescent, they can be used as a means 
to quench fluorescence. In these 
instances, those interactions that result in 
a fluorescent donor molecule coming in 
close proximity to such a molecule would 
result in a loss of signal. Inversely, 
reactions that remove the proximity of a 
fluorescent donor and a quencher would 
result in an increase in fluorescence. 
Figure 3 illustrates the detection of FRET 
by observing the fluorescence spectra of 
the donor-acceptor pair.

Another alternative method, is to measure the fluorescence lifetime of the donor fluorophore
in the presence and absence of the acceptor chromophore. FRET will cause a decrease in 
excited lifetime of the donor fluorophore.



Fluorescence Resonance Energy 
Transfer (FRET)

• The strong distance-dependence of the FRET efficiency has 
been widely utilized in studying the structure and dynamics of 
proteins and nucleic acids, in the detection and visualization of 
intermolecular association and in the development of 
intermolecular binding assays.

• FRET is a particularly useful tool in molecular biology as the 
fraction, or efficiency, of energy that is transferred can be 
measured, and depends on the distance between the two 
fluorophores. The distance over which energy can be 
transferred is dependent on the spectral characteristics of the 
fluorophores, but is generally in the range 10–100A°.



Fluorescence Resonance Energy 
Transfer (FRET)

• Thus, if fluorophores can be attached to known sites within molecules, 
measurement of the efficiency of energy transfer provides an ideal probe 
of inter- or intramolecular distances over macromolecular length scales. 
Indeed, fluorophores used for this purpose are often called ‘‘probes’’.



Fluorescence (Förster) Resonance 
Energy Transfer (FRET)

• Techniques for measuring FRET are becoming more 
sophisticated and accurate, making them suitable for a range 
of applications. FRET has been used for measuring:

• the structure 
• conformational changes 
• interactions between molecules
• as a powerful indicator of biochemical events. 



12 MARCH 1999 VOL 283 SCIENCE



12 MARCH 1999 VOL 283 SCIENCE



ACS Nano VOL. 4 ▪ NO. 8 ▪ 4915–4919 ▪ 2010



ACS Nano VOL. 4 ▪ NO. 8 ▪ 4915–4919 ▪ 2010



Stefan W. Hell

Max Planck Institute for Biophysical Chemistry

Department of NanoBiophotonics

Göttingen, Germany

hell@nanoscopy.de

Max Planck
Society Fluorescence Nanoscopy

4Pi  / STED  / RESOLFT

http://www.mpibpc.mpg.de/
http://www.mpibpc.mpg.de/abteilungen/200/
mailto:hell@nanoscopy.de


S. Hell, “Far field optical nanoscopy” Springer



PRINCIPLES OF OPTICAL MICROSCOPY



One lens microscope

From geometrical optics:

aa’ = ff’
magnification = -f/a 

Requires a lens with very short focal length
and observer eye very close to the lens!



Compound lens microscope

Requires two lenses: an objective plus an eyepiece

The object is positioned beyond the objective. 
The object-magnified image is further magnified 
by the eyepiece and focused onto the retina of 
the eye

Mechanical
tube length
= 160 mm



Compound lens microscope

Mechanical
tube length
= 160 mm

© J.Paul Robinson

Focal length
of objective
= 45 mm

= 160 mm

Image 
Distance 
= 195 mm

Object to



Key ideas in optical microscopy



Phase contrast microscopy

Confocal microscopy





Fluorescent  Microscope

Dichroic Filter

Objective

Arc Lamp

Emission Filter

Excitation Diaphragm

Ocular

Excitation Filter

EPI-Illumination



Fluorescence Microscope

upright inverted



Diffraction limit



200 nm

Lens

500 nm
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Wavelength
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E. Abbe (1873), Arch. Mikroskop. Anat. 9, 413.

http://www.mpibpc.gwdg.de/abteilungen/200/publications/pdf/Arch._Mikroskop._Anat._9_413-422.pdf
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Confocal optical microscopy



4Pi- Microscopy: resolution improvement in Z
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4Pi- Microscopy:

70 - 140 nm 

( ) ( ) ( )4
1 2, , , , , ,PiE r z E r z E r zj j j= + -

! ! !

Coherent illumination and/or fluorescence detection

S.W. Hell (1990), Europ. Patent OS 0491289.
S.W. Hell, et al. (1992), Opt. Commun. 93, 277.
M. Schrader, et al. (1998), Biophys. J. 75, 1659.

H. Gugel, et al. (2004), Biophys. J. 87, 4146.

http://www.mpibpc.gwdg.de/abteilungen/200/publications/pdf/Patent_EP_0491289B1.pdf
http://www.mpibpc.mpg.de/abteilungen/200/publications/pdf/Opt._Commun._93_277-282.pdf
http://www.mpibpc.mpg.de/abteilungen/200/publications/pdf/Biophys._J._75_1659-1668.pdf
http://www.mpibpc.mpg.de/abteilungen/200/publications/pdf/Biophys._J._87_4146-4152.pdf
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Ernst Abbe discovered that the focal spot size 
decreases with the microscope's aperture angle i.e. 
with the size of the spherical wavefront that is 
produced by the objective lens. But a regular objective 
lens, even of the largest aperture, produces just a 
segment of a spherical wavefront coming from a single 
direction. As a result the focal spot is longer (z) than 
wide (x,y) [Fig. 1a]. By contrast, a full spherical 
wavefront of a solid angle of 4π would lead to a 
spherical spot and hence to an improvement of spatial 
resolution in the z-direction. 



Max Planck
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The idea: Since there are no lenses or mirrors 
that could provide such a wavefront across a 
significantly large field of view, the idea behind 
our 4Pi-microscope is to mimic the 'close to 
ideal' situation by using two opposing 
objective lenses coherently, so that the two 
wavefronts add up and join forces. 

Allowing the illumination wavefronts to 
constructively interfere in the sample produces 
a main focal spot that is sharper in the z-
direction by about 3-4 times (4Pi of type A). A 
similar improvement is obtained if the lenses 
add their collected fluorescence wavefronts in 
a common point detector (4Pi of type B). Doing 
both together is best, of course, and leads to a 
5-7-fold improvement of resolution along z 
(4Pi of type C).
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The sidelobe challenge: If the two segments 
were full spherical halves, the focal spot would 
be a (nearly) spherical spot, too. But since a 
considerable solid angle is not provided by the 
lenses, interference typically spawns off 2 axial 
side-lobes which, if not taken into account, 
lead to artefactual images. We deal with this 
challenge by an appropriate mathematical 
filter. This filter does not require any 
information about the object, apart from the 
height and location of the lobes. Linear 
filtering is possible if the lobes are significantly 
less than 50% of the main sharp maximum. 
This can be reliably fulfilled if multiphoton
excitation of the dye is applied. Linear 
mathematical filtering is fast and a single 
effective spot is readily achieved.
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2 µm2 µm

Confocal 4Pi

Z

X

Microtubules, mouse fibroblast
Immunofluor, Oregon Green

S.W. Hell, et al. (1992), Opt. Commun. 93, 277.
M. Schrader, et al. (1998), Biophys. J. 75, 1659.

H. Gugel, et al. (2004), Biophys. J. 87, 4146.

http://www.mpibpc.mpg.de/abteilungen/200/publications/pdf/Opt._Commun._93_277-282.pdf
http://www.mpibpc.mpg.de/abteilungen/200/publications/pdf/Biophys._J._75_1659-1668.pdf
http://www.mpibpc.mpg.de/abteilungen/200/publications/pdf/Biophys._J._87_4146-4152.pdf


Commercial 4Pi-microscope

Z- resol < 90 nm (Live cells /aqueous cond.)
H. Gugel, et al. (2004), Biophys J 87, 4146.

http://www.mpibpc.mpg.de/abteilungen/200/publications/pdf/Biophys._J._87_4146-4152.pdf


STED microscopy

1st physical concept to break the 
diffraction barrier in 

far-field 
fluorescence microscopy

S.W. Hell & J. Wichmann (1994), Opt. Lett. 19, 780.
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http://www.mpibpc.mpg.de/abteilungen/200/publications/pdf/Opt._Lett._19_780-782.pdf






STED Microscopy
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S.W. Hell & J. Wichmann (1994), Opt. Lett. 19, 780.

The stronger the STED beam the narrower the fluorescent spot!

http://www.mpibpc.mpg.de/abteilungen/200/publications/pdf/Opt._Lett._19_780-782.pdf
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V. Westphal & S.W. Hell (2005), Phys. Rev. Lett. 94, 143903. 

http://www.mpibpc.mpg.de/abteilungen/200/publications/pdf/Phys._Rev._Lett._94_143903.pdf




10           counts/0,3ms        204 5           counts/0,3ms           89 1µm X
Y

Confocal STED

Imaging 40 nm fluorescence beads:

... just physics !



...just physics !

Confocal: STED:

Imaging protein distribution on cell membrane: SNAP 25



Heavy subunit of neurofilaments in neuroblastoma

Confocal STED

G. Donnert, et al. (2006), PNAS 103, 11440.

http://www.mpibpc.mpg.de/abteilungen/200/publications/pdf/Proc._Nat._Acad._Sci._USA_103_11440-11445.pdf
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(a)

(c)

Confocal STED
(b)

(d)
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STED Microscopy: Sometimes only resolution…

Pores in a porous membrane 
marked with a fluorescent dye

Fluorescence dye marked 
nanostructures produced by 
electron beam lithography in 
a polymer

…makes subdiffraction images !

V. Westphal, S.W. Hell (2005), Phys. Rev. Lett. 94, 143903.
V. Westphal, J. Seeger, T. Salditt, S. W. Hell (2005) , J. Phys. B 38, S695.

http://www.mpibpc.gwdg.de/abteilungen/200/publications/pdf/Curr._Opin._Neurobiol._14_599-609.pdf
http://www.mpibpc.mpg.de/abteilungen/200/publications/pdf/Phys._Rev._Lett._94_143903.pdf


STED microscopy

- Resolution is not limited by the wavelength of light!

- Resolution just depends on the level of fluorescence depletion. 

- Resolution at the molecular scale is possible with visible light and regular lenses!

- Resolution follows a new law; a modification of Abbe’s law:

a
l»D

sinn2
x

satII+1

0 3 6 9

1.0

0.5

0.0

Fl
uo
re
sc
en
ce

I>>IsatIsat
S.W. Hell (2003), Nature Biotech. 21, 1347.

S.W. Hell (2004), Phys. Lett. A 326, 140.
V. Westphal & S.W. Hell (2005), Phys. Rev. Lett. 94, 143903.

http://www.mpibpc.mpg.de/abteilungen/200/publications/pdf/Nature_Biotechnol._21_1347-1355.pdf
http://www.mpibpc.mpg.de/abteilungen/200/publications/pdf/Phys._Lett._A_326_140-145.pdf
http://www.mpibpc.mpg.de/abteilungen/200/publications/pdf/Phys._Rev._Lett._94_143903.pdf


.
V. Westphal, S.W. Hell (2005), Phys. Rev. Lett. 94, 143903.
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Sharpest focal spot

Validation of square-root resolution law

http://www.mpibpc.gwdg.de/abteilungen/200/publications/pdf/Nature_Biotechnol._21_1347-1355.pdf
http://www.mpibpc.gwdg.de/abteilungen/200/publications/pdf/Curr._Opin._Neurobiol._14_599-609.pdf


4Pi- STED Microscopy

Axial (z) resolution 30-50 nm and beyond …
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M. Dyba, S. Jakobs, S.W. Hell (2003), Nature Biotechnol. 21, 1303. 

Fluorescently tagged microtubuli 
with an axial resolution of 50-70 nm 

The combination: STED-4Pi-Microscopy

Monolayer Monolayer

M. Dyba, S. W. Hell

53 nm

confocal STED-4Pi
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http://www.mpibpc.gwdg.de/abteilungen/200/publications/pdf/Nature_Biotechnol._21_1303-1304.pdf
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