
Fluorescence Spectroscopy & Microscopy


Courtesy of NASA.
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Fluorescence is fundamentally a quantum phenomena


Light ray can be thought of as a stream of photons each having energy:


E = hu = h
c


l 

Jablonski Diagram 
Light-Molecule Interaction 

Polyatomic 
molecules 

Simple 
orbitals 



Jablonski Diagram
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(Iolserphotw mer~!.)as compared with the excitation 
process. flus fact ts immediatclp obvious f rm  the Jablonski 
rlnapm. Fluorescence (phasphmescmce) does not cmla 
from the exated nbrational lewl mimnall!* reached dunm- C 

the excitation process but occm ina lo~verenerev-. starc due to 
internal con~ersionand mtcrsystemcross. 

In~ariazarrcaf emission 1~5thexcitatim: hammal,.b emir~ion 
spccrnun n ro~lahlv- (~r-ith of.- r m e  cxccptions) ~ndcpmdea 
lescitanm 'var-ellen~h,This fact is a darect re~nlzof mien~ l  
con~~crsionill orltr5e molm~leto the bottom of 51 
independent of exci~ation process. 



Basic Properties of Fluroescence
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Figure by MIT OCW.



4 Lifetime and qwnhm ~ i e l d  

~ ~ ~ ~ c e n c e  lax bv emitting amofmule docs not have to 
photon (radisiiati~e decay) but they cmalso relax by thermal 
process without emitting a photm (ma-radiative decay]. The 
quality of a fluorophorc A clearly related to the rates of these 
t;rro decas modes. 
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I I 

In this simplified Jablon5ki rlia~amthe mdiatitredecay is 
denoted by r andthe non-radiative decas is denoted by k. 

The residence time of the inolectik in the excited state (Sl), 
lifetime, is aEectec3 by both radiative and non-radiative rates, 
In particular, 

In the absence of non-radiative decay pmcesses, the lifetime 
meawed is caflcd the infihsic lifetime of the flnoroghore. 

The '"efficiency of the flmrclphore, the quantumefficiency,;?' 

is,defined as: 





~~spectra is &findasm d gmissicw intensity as a 
hctimofwave- at a given w-
I%cdatilonspm Is defiaedastheoeea-lentofesimr 
inkmdy at a givenemksimw a v e h a  as a fundmof~lcribtim 
w-

Pohizdion isalm aa& mfirlproperty of fl-- All 
~ ~ em W e schave a pfkrmtial diredimdadtation 
(excitationdipole) and Ilemisssim(emissiondipok). Nuk that. the 
e~utatimand mission dipoles do wt havetocoincide ingeneral. 
Theprobability of excdmga rrmohule depends w the relative 
orientationdthe~a0-ar excitatiw, dipale andt$ep h t i m  
loflight L R t $ b e t h e a n @ ~ ~ ~ t p r s l ~ ~ m m d ~  
mok& excitationdipole. The p b w w  of excitation is: 

of a palarimr- One canalso see that exitingmkmks with 
polarized light x h t s  a sub-on dm- that am 
m k k d  close the palaimtion of light-



The me;lswcrmat ofpallariz;rtionof aqueous specimen Is typically 
performed uskg the abo~:egemetrjr. Excitation light is f i r~ t  
plzrized. The ~missir~alight is  analjzed for its polariratfm 
parallel and perpendicular to the exritation direction. 

Note that the steady state po1xiz;atim Ir hi@ with ratation 
dfl11simnteslow: compared with its lifetime bmt its polarization is 
IQTV ifdiffi~siwis fa31 compared n+rh its lifetime. This is wry 
usefill far meanyring the bhding ofsmll  ligand to large rnoImlcs 
or surfaces. Polarization is also aftfm asml to measwe the mean 
orientation of m o l ~ ~ ~ l c s .  



Fluorescent Probes 

Organic Probes Genetic Probes 

Molecular Probes, Oregon Hoffmann et al, Nat. Meth, 2005 

Quantum Dots 

Michalet et al, Science, 2005


Figure removed due to copyright restrictions.

Figure removed due to copyright restrictions.

Courtesy of Martin Lohse. Used with permission.



Strengths of Fluorescence Microscopy




Strengths of Fluorescence Microscopy




Strengths of Fluorescence Microscopy


(3) Molecular Sensitivity


Alexandrakis, Nat. Med., 2004

Yildiz, Acc. Chem. Res., 2005
 Courtesy of Dr. Rakesh Jain. Used with permission.



Strengths of Fluorescence Microscopy


Figure removed due to copyright restrictions.

4) Image biochemical reactions/Monitor microenvironmental
changes. 

Fan et al. Biophys. J., 1999
Calcium wave in HeLa cells. 



Strengths of Fluorescence Microscopy


(5) Monitors genetic expression




Flumcence lifetime is a cornplimenta-ykneaslrmefzt to spectral 
masruement. Most fluorophores has a signature lifethe as xliell 
as spectral. Mare important, some flaoqlrcrses h a ~ elifetimes t l ~  
are more sensitive to mviro~eratalfactors than their spectra. 

The fl~~czrtrscence decay of a fluorophore is gotrtrrnedby the 
fullol-vingequation: 

nrhrre Y, 19 the number of moleculer in the excited state nThichis 
proportional to the fluorescence intmsity. This differential 
equation can be easily so11~ed: 

where F mdFoare the:in~taatanem~sand initial flr~wesccnce 
inzasitt.. T'he~fmt,IVP can see that fluorescence mission is a 
statisticalprocess that is clwacterizedby exponential decays. 
What if there are mmllItiple decay pathways and multiple rates? h 
this c . a q the f l~~mesc~ncedecay 1xlaJl be m~zltipleexponwtial: 



As a matterof- hcmscesce &my ofmost Ire 
biological S- o h hasmultiple apmmhd&mythat. is 
c h m t e k t i c  both of th.eprobe and itsenv i rmma 

WhileBm- l i f e h i s  averyuseftrl~pmme-ter,it is 
however difficult Inmeasure As we have d i d  Mim, 
i%%lorBmcewetime is typlcauy cmthetifix maledm#=&-
W e ~ ~ e v e r y f a s t s l p ~ s ~ ~ c t s ~ s w e t h e s ~  
everrCs. C m m p t m l @ , t h e ~ ~ c ~ b e ~ m ~  
fxmwiugway: 

Time do&: 

I?hlmxm~ce 

Time 


Wewillnsealascrthatmg-trepulsesthatart~eryshort 
c o m p a r e d w i t h ~ f l ~ d R c a y ~ ( ~ c r r p s j ~The 
fbmscuxe lifetimiEcantbabe meawnxiby tkkmhhg the 
time lapsebetween the e;xdalianligM andtheh . tmission 
photon- Oeeimpmtzmtcat@hbthiss(cherneisthatthe 
p h ~ d e t e c t e d f o r & e x c i ~ p u l s e h a s t o k l e s s ~ ~ .  





It 15 often venrusef~~lt-ameaswe the difllrsilonof ismall metabolites 
ina biol@ci1 ~.;ystm;oxygen is a good example. As it nunr out, 
a number of fluorophore, such as pxcne, with suff~cientlvimg 
lifenme cnn b'cquenched by the pr&cncc of lnctabolitc s k h  as 
oxygen due to m~lecularcalhsiw. Uponcallisiw, the fluorophme 
is de-excited am-racliatively. 

Thecollision frequency is proportional to the cmcwtratiw of the 
quencher and the rate equation in the presmce ofthe quencher can 
be expressed as: 

w h m  [Q]is the concenmtion of the quencher and IQ is: a 
propwtinnality constant related to the dffiusi~ityof the reactants. 

~vhrre%R, are the "collision" radii uof rhe fl~~orophoreand the 
quencher and DryDqaxe the d f i ~ s i o ncoefficients of the 
flunrophore and the qtiencl~m 

Therefore, mreh n ~ :  


s-' =k0[e]+r=k,[p]~r, '  +koto[p]) 

nmefore, by measuring fl~~orescence
M e b e ,  ITC candetermine 
quencher concentration as long as the nah~rallifetime and the 
proportionality constant k canbe calibrated. 



The effect of quencher can also be studied bv rnwitorinsthe 
steady fqtatefl~mrescenceemissim. We xvili'add a conseaat 
illuminaticm term, I, to the f l~~orercencerate equation: 

d*\T,
Inthe steady state, =0 .and we have the fluorescence, F,

dt 
simal:&. 

We can re-write this equation in the absmce of quencher. The 
steady state flumscmce in the absence of pencher. Fo,is: 

Combining the l a q  tsoequations, we ~ e tthe Stern-Volmer 
~ s ~ a r i ~ n :  

For dynamic (collision) qtmching process, the steady state 
fluorescence intensit?;is a linem function of quencher 
concmtzatim, 



The quenchingprocess that .rwhave describedprwio~~sl;is called 
dynamic quenchingwhere a fluorophore is de-excited bi collision 
ploces3 in the excited state. For dymmic quenching, both the 
r;teadystate flumescmce hterrsity and the fl~~mescenceliferime 
changes linear1y with q~enchmcmcwtratim. 

molecde is chemicallr.bound to a quencher to form a "dark 
complef' -a reaction prdduct tlnt do not fluoresce. The gro~md 
state reaction cmbe describedby the standard chemical h e t i c  
rate equationwhere Ks iq the assaclation tmstmt, F]is the 
colncmtration ctf the an-complexed fluorophmes, [F-Q] i5 the 
cmcmtrataonof the complexes. 

The total concentrationof flnorqhore, p301is given by: 

Therefore, in static q~enchim,the s-teadv state flwolecmce again 
decreases linearly with qumcher cwce&tion. 

Ho\verrer,it is irnpoflant to note that steady state qmching does 
NOT affect fll~mesccncelifetime as it does not affect the excited 

tl~ereduction of avalable flumophores 
€0be excited. 

-1: iseEictitsandTtztte 



F~rrorascanc~Resonance Ene r g  Tronsfk P A P Z T )  

FRET is a wry "cool"~eclmique.It is an optical mler with 
mo111tionthat is better thm mestzms. The theory of is 
rather complicated and we will not go into the details hwe. 
Instead, I lr\-illprovide a qualitative des&ption about what is 
FRET,what a-re the rclle~ziant~xpmimrntalparameters, and what it 
canmeamre. 

FRET is a proce~swhere energy 15 transferred fram one excited 
fluompl~ore(the doner) ro a second f luoqhore  (the acceptor). 
Aftm enerv  transfer, the acceptor ir excited and will emit a--A 

photw in the emission rpectmrn of the acceptor. As an example, 
flwre.;cein (a ereen dye) and rhotdamine (a red dye) make a goodC. 

FRET pair. A fluoresceinmolecule is nclnnally excited by blue 
h ~ fand m n i ~ smem light- ,4 rhodamhe is be excited bvi m e n*. 

hiht and e m i ~red. ~ L t h o ~ ~ tFRET, the fluorescence of the 
colmpesite system mill emit ereen. In the presence of FRET, the 
energy of the fluorescein is transferred to the rhodamine mdw 
appropriate conditions. In this case, the emirsinn of the composite 
rysternmrill be red. 

It should be pointed out that FRET itseIf ir a non-radiative process, 
i.e.no real pl~oton ir tramfmed between the doner ancl the 
acceptor. Iustead, the transfer is via a dipoledipole c o ~ ~ p l i n ~-. of 
the dwer m d  acceptor molen~le.The excited donw can Lw 
modeled as a librating elettricaI dipole. me enegv is 
'*kmsfmd"to the acceptor through t l ~fl~actuatingdipole field. 



 he dipole electric ~d IWa spa^ ofi3 mat 
electsic mollqle, atk isolated charge,has aa dechc W d  hat has 
a spatial ~ c e o f i ' .Since the &pole has no net charge, its 
field sbauPd&cay fa§kr]. 

The rate of FRET is describedby the fullowinge p h :  

The dwiatiwafthisfhdaisguirteinvoMWit is not hardto 
s e e w h y I f r e s e ~ ~ ~ i n t o p l a y .~irst,~'kanmsmeof 
thedative ari-rw ofthehimmhsiw, a d the acceptw 
exdatim dipole, Only when the&ple are cwrectly aligned 
would ERET be efficient. n is the i n k of ~ f r a hof the 
medillminbdweem A ~ n shielding~ b 



-- 

~ o f ~ ~ b ; m d ~ ~ F R E T .@diskqwntam 
yiddoflkhm- Aaargevm*-m*mlew 
am-rdiative decayrr&unita~~to camp& withFRET. zd is the 
ofthe he^. A ~ e r ~ i m p l i e s l a r n n r e s b b k  

excited state and ksspba$ilityofenergy iramferring. The 
integralamtahs two tmms: F&]is the f i u u m x m  emissiw 
s p n of the dwter as a funciirw of 
the abslovrptinnFm efilhe aecppm- This*gral, J, li!qlrew 
their wlerbp. 

wavelength 

~ i o a l l ~ , t h e f * s p r t i a l ~ ~ ~ n n e ~ ~ t h e w l h a t ~ ~ ~ ~  
isa combined processoftwodipoksandeach dipolehas a f3 

By ccmhiugmast ofthe mlecwk parameters into a djstancrre 
pammkr>&,the Fmskr distance*the eqmationcanbemmitkn 
as: 




Figure removed due to copyright restrictions.




