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Figure 1.2:  Energy diagram depicting Förster Resonance Energy Transfer (FRET) between a 

donor (D) and acceptor (A) molecule. S0 and S1 represent the singlet ground state and the singlet 

excited state of the donor and acceptor molecules, respectively. T1 represents the triplet state of 

the donor molecule. The excited donor can reach to the triplet state through intersystem crossing. 

λex is the wavelength of the light absorbed by the donor molecule, λem is the wavelength of 

fluorescent emitted light by the molecule, Г
r
 is the radiative energy transfer rate from S1 to S0, Г

nr
 

is non-radiative energy transfer rate from S1 to S0 and Г
FRET

 is the rate of Förster resonance 

energy transfer from excited donor to unexcited acceptor. The radiative transitions are depicted 

by wavy lines, while non-radiative transitions are depicted by straight lines. This figure is adapted 

from (10). 

 

1.3.1  Dependence on distance 

Here, we will present the qualitative description of the rate of energy transfer rate and its 

dependence on distance. The detailed quantum mechanical derivation of energy transfer 

rate is presented in the next chapter. The rate of energy transfer from an excited donor 

(D) to unexcited acceptor (A) is given by (2, 8, 11) (also, see chapter 2): 
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where   is the distance between the donor and an acceptor and     is the Förster radius. It 

is defined as the distance    when the rate of energy transfer between the donor and an 

acceptor is equal to the decay rate of excited donor in the absence of the acceptor.    is 

called the lifetime of donor in the absence of the acceptor. The inverse of    is the rate of 

deactivation of the donor from excited state to the ground state that includes all the de-

excitation pathways other than energy transfer (radiative transfer rate Г
r,D 

and non-

radiative transfer rate Г
nr,D

 which includes internal conversion rates, intersystem crossing 

rates) (Fig. 1.2). FRET opens an additional de-excitation pathway for the excited donor 

and competes with all other de-excitation pathways kinetically.    is not, in general, the 

same as the intrinsic lifetime     of the donor.    is the inverse of the radiative de-

excitation rate of  an excited donor and can be calculated from Einstein’s A coefficient. 

The expression for    in terms of experimentally measurable parameters for a donor and 

an acceptor pair is derived in chapter 2 and is given by: 

  
  

                

      𝜇   
∫          

  

  
 (1.2) 

where,   is the frequency (in sec
-1

 units),    is the quantum yield of the donor that is 

defined as the number of photons emitted by the donor over the number of photons 

absorbed by it ( see chapter 2 for detail),    is the Avogadro’s number, 𝜇 is the refractive 

index pertaining to energy transfer,       is the normalized measured fluorescent 

spectrum of the donor,       is the molar absorption spectrum of the acceptor (in the 

units of cm
-1 

mole
-1

) and     is related to orientations of dipoles in space.  The expression 

(1.2) can also be written as (8): 
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The quantity         in above expression is called overlap integral and represents the 

integral in (1.2) 

1.3.2  Orientation dependence  

As it is clear from (1.2) and (1.3), the Förster distance    depends on the orientation 

factor of interacting dipoles,   . Since, the rate of energy transfer depends on     the 

orientation factor also affects the rate of energy transfer. The electric field due to the 

donor dipole at an acceptor dipole is given by: 

 ⃗   
|  |

  
{       ̂        ̂ } (1.4) 

where, the meanings of symbols are explained in Fig. 1.3. 

 

 

The rate of energy transfer in (1.1) is proportional to the square of interaction 

energy between the donor and acceptor dipoles, 
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Figure 1.3:  Relative orientation of a donor and an acceptor dipoles. The donor dipole lies on Y 

plane while the acceptor dipole lies on X plane.  ⃗  is the distance between two dipoles,     is the 

angle between the two planes,    and    are angles the dipoles make from vector joining two 

dipoles and  ̂  and  ̂  are unit vectors of donor and acceptor dipoles. This figure is adapted 

from (8). 

 

In the expression (1.7),    is called the orientation factor of the dipoles.  It can 

take values between 0 and 4. Let us consider a few situations to make this point more 

clear. If the two dipoles are perpendicular to each other and acceptor dipole is close to the 

donor dipole, but in the direction perpendicular to the donor dipole, then      (i.e., 

because,    
 

 
, so        , and  ̂   ⃗⃗     ). In this situation, even if the donor 

spectrum and acceptor spectrum overlap significantly, the transfer rate will be zero. In 

other situations      even if the dipoles are perpendicular to each other. Another trivial 
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example when dipoles are parallel to each other and   ̂    ⃗⃗    . If      and the 

dipoles stack on each other then,     . But when     
 

 
 then      . Since there are 

always fluctuations in the positions and angles of donor and acceptor molecules, the 

actual values are the ensemble average or time average. In this situation the average value 

of        is quite satisfactory. When interpreting the conformational changes of 

macromolecules,     is assumed to be constant. However, it should be kept in mind that 

the assumption        and that    remains constant is not a rigorous assumption by 

any means. In FRET experiments when fluorescent proteins are used as markers,    

becomes important variable and averages are not applicable.  

1.3.3  FRET - An excellent tool to study protein-protein interaction 

FRET is a measure of interaction between interacting molecules. To begin with, let us 

consider the ensemble of donor and acceptor molecules as shown in Fig. 1.4.  The donor 

and acceptor molecules are fluorescent and are excited at different wavelengths. Let us 

consider that the ensemble of molecules is exposed to the excitation wavelength at which 

the donors get excited and at that wavelength either the acceptors gets excited very little 

or not at all. This situation is depicted in Fig. 1.4. When the donors and the acceptors are 

far apart, i.e., non-interacting, the donors are brighter and fluorescing, as can be seen 

from many rays coming out of them. On the other hand, the acceptor molecules are 

depicted as dim fluorescing molecules and a few rays are coming out of them. However, 

when the molecules are very close to each other, i.e., the molecules are interacting, the 

donor molecule loses its energy to the acceptor molecule through dipole-dipole coupling 

non-radiatively. Therefore, the acceptor molecule gets brighter and the donor molecule 

becomes dimmer. 
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  By tagging the proteins of interest with donor and acceptor fluorescent markers, 

FRET can be used to study the interaction between the interacting proteins in living cells. 

The resolution of the images obtained from the optical microscopes is limited by their 

diffraction limit which is of the order of ~ 0.3𝜇m and the interaction within nm cannot be 

observed using these microscopes. Since the energy transfer between the donors and 

acceptors occurs over the distances 1-10nm, a FRET signal obtained corresponding to a 

particular location within the microscope gives addition information surpassing the 

optical resolution of the microscope. Thus, within the voxel of microscopic resolution, 

FRET resolves the distance between the donor and acceptors down to molecular scale 

which is beyond the microscopic limit. Thus, FRET is an artificial lens through which the 

distances between the donor and acceptors can be resolved. This situation is illustrated in 

Fig. 1.5. 
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Figure 1.4:  Visual illustration of FRET between a donor and an acceptor. When the donor (D) 

and the acceptor (A) molecules are not interacting, donors are brighter and the acceptors are 

dimmer. When the donor (D) is interacting with an acceptor (A), FRET occurs between D and A. 

Because of FRET non-radiative transfer of energy occurs between D and A, and that makes the 

acceptor brighter and the donor dimmer. 

 

 The unique feature of FRET microscopy is its ability to demonstrate the intimate 

interactions of molecules labeled with donor and acceptor fluorophores apart from 

visualizing the colocalization of donor and acceptor labeled probes within~0.09 𝜇m
2.
 

FRET measurements can provide a wealth of information regarding structure and 

molecular interactions.  It is easy to perform fluorescent measurements. However, 

because of the heterogeneous, highly structured and complex environment of the 

samples, it is difficult to quantify FRET.  The successful analysis of FRET data depends 
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on the correct controls and corrects choice of the method to carry out the FRET 

measurements on the particular sample. 

 

 

Figure 1.5:  Illustration of FRET as a magnifying glass.  The distances between the donor and the 

acceptor molecules that cannot be resolved by light microscope, can be resolved by FRET, hence 

FRET can be thought of imaginary lens to resolve the distances less than 10nm. 

 

1.3.4   Förster radius for different FRET pairs 

The interactions between the interacting molecules are quantified by measuring the FRET 

efficiency. It is defined as the fraction of excitations that transferred from an excited 

donor molecule to nearby unexcited molecule through dipole-dipole coupling over all 

possible de-excitation pathways of the excited donor. As you will see in chapter 2, the 

FRET efficiency of energy transfer between a donor and an acceptor is given by: 

  
  

 

  
    

  (1.8) 
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where   is the distance between the donor and the acceptor, and    is the Förster radius 

which is defined by (1.3). Alternatively, it can also be defined as the distance between a 

donor and an acceptor for which the energy transfer between them is 50%. Different 

types of FRET pairs are used in FRET spectroscopy depending upon its application in the 

problem of interest. The Förster radius for different pairs can be calculated using (1.3). In 

many FRET experiments, one needed to determine the distance between the 

fluorophores.  For example, to determine the conformational changes in macromolecules 

based on FRET measurements, one needs to determine the distance between the donor 

and acceptor. The distance can be determined using (1.9) provided the Förster radius for 

that FRET pair is known. Förster radius can be determined experimentally using (1.3). 

The Förster radius for some FRET pairs such as: GFP-YFP pair is determined 5.6 nm 

(12), for CFP-YFP is 4.9 nm (12), for Cy3-Cy5  is 6.1 nm (13) and for GFP2-YFP is 

5.5nm (14).  

 

1.4   Challenges in FRET measurements 

Many issues complicate the FRET measurements and sometimes give meaningless or 

misleading results (1, 15, 16). The problems encountered include autofluorescence, 

detector, relative brightness of donor and acceptor fluorophores, optical noise, photo-

bleaching, and spectral bleed-through of signals.  But, the major issues are due to relative 

brightness of donor and acceptor fluorophores and spectral bleed-through, sometimes 

also called crosstalk.  In theory, the relative brightness of donor and acceptor 

fluorophores should not be a problem, but due to the limited dynamic range of most of 

the instruments, it is possible that the signal emanating from the brighter fluorophore 
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saturates the detector channel.  On the other hand the signal from the dimer fluorophore is 

lost or more affected by the systematic noise. However, it has been observed that the 

fluorophores having comparable brightness yield satisfactory results. Another factor that 

limits the detection of FRET is the donor-to-acceptor ratio outside the range of 10:1 to 

1:10 (17).  The main problem is then measuring a small amount of FRET signal in the 

background of fluorophores not involved in FRET. Many protein-protein interaction 

experiments that fall outside this category are not suitable for examination by FRET. 

 

Another pitfall in FRET experiments is due to bleed-through or cross talk between 

the two fluorophore colors. The light used to excite the donor can also directly excite the 

acceptor that leads to the excess acceptor emission that does not result from FRET. This 

artifact is called acceptor spectral bleed-through (ASBT). Again, the fluorescence from 

the donor can leak into the acceptor detection channel. This artifact is called donor 

spectral bleed-through (DSBT). The DSBT and ASBT are shown in Fig. 1.6 for 

SCFP3A-SYFP2 FRET pair. Since the bleed-through arises from the photo physics of the 

fluorophores and hence is present in all FRET pairs, this should be addressed before 

FRET measurements are made. Choosing fluorophores that are spectrally separated from 

each other reduces the cross- talk which also reduces the overlap of donor emission 

spectrum and acceptor excitation spectrum and hence the overlap integral  . This reduces 

the FRET detectability but helps eliminating cross-talk problem. In our experiments, we 

addressed this problem using spectral FRET and choosing FRET pairs for which ASBT is 

negligible and is discussed in chapter 4.  
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Figure 1.6:  Excitation and emission spectrum of SCFP3A (donor) and SYFP2 (acceptors). The 

excitation spectrum of SCFP3A (dashed green line), emission spectrum of SCFP3A (solid green 

line), excitation spectrum of SYFP2 (dashed red line), and the emission spectrum of SYFP2 (solid 

red line) with different overlapping areas are shown. The region shaded with blue lines is called 

donor spectral bleed-through (DSBT) and the region shaded in orange is called acceptor bleed- 

through (ASBT). The emission spectra are measured in our lab and absorption spectra are 

adopted from (6). 
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1.5  Techniques of FRET imaging 

1.5.1  Sensitized emission 

Sensitized emission, also known as ratiometric imaging, is the simplest technique for 

measuring FRET.  This imaging can be done on a standard wide field microscope 

equipped with proper fluorescent filter sets. The sample that contains both donors and 

acceptors is excited by donor excitation wavelength.  The donor fluorescence and 

acceptor fluorescence is collected by using filter sets tuned for either donor or acceptor 

fluorescence.  If there would have been no crosstalk in the excitation and emission 

spectrums of the fluorophores, it would have been very easy to calculate FRET from the 

gathered acceptor fluorescence and donor fluorescence. But, in reality, the collected 

donor and acceptor signals are contaminated due to bleed-through signals. Therefore, 

many control experiments are needed to clean the data from bleed-through and it is 

difficult to quantify FRET using this method (18). 

 

To this goal, the images from cells expressing donor-only, acceptor-only and 

cells expressing both donor and acceptors are collected using different filter sets. This 

permits the determination of expected cross-talk in both excitation and emission 

channels. This cross-talk is subtracted from the FRET signal. Many algorithms for 

sensitized FRET imaging have been developed (19, 20). Despite all these difficulties, 

when the FRET efficiency is large, sensitized emission is a quite useful technique.  It 

can be a very useful method for detecting dynamic interactions, because acquisition of 

the two images is simultaneous. Sensitized emission can also be used for any intensity-
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based imaging system that includes total internal reflection (TIRF), spinning disk, or 

laser scanning confocal microscopy. When the interactions between the donors and the 

acceptors are weak, the amount of noise in the final FRET image exceed  the level of 

sensitized emission because of all the necessary correction factors and does not give 

good results. Furthermore, these controls must be subjected to considerable image 

processing in order to subtract bleed-through, a limitation that slows acquisition times, 

increases the noise level, and introduces a relatively high degree of uncertainty into the 

measurements. 

1.5.2  Acceptor photo-bleaching 

When donors and acceptors are sufficiently close to each other, the fluorescence of the 

donor is reduced because of the presence of an additional de-excitation pathway of 

energy transfer from donor to acceptor through dipole-dipole coupling.  This reduction in 

the fluorescence of donor in the presence of acceptor is called donor quenching and the 

increase in the fluorescence of acceptor due to FRET is called acceptor sensitization. In 

acceptor photo-bleaching, also commonly known as donor de-quenching, the 

fluorescence of donor is measured in the presence of acceptor. Since some of the donor 

energy is transferred to acceptor this donor fluorescence is quenched. Again, the 

acceptors are photo bleached by exposing them to light for a longer time without 

affecting donors.  The photo bleached acceptors release the quenched energy and increase 

the donor fluorescence.  If there was a FRET between the donor and the acceptor, photo- 

bleaching of acceptor must increase the fluorescence of donor. The fluorescence of de-

quenched donors is measured. It is important in these experiments to ensure that the 

photo-bleaching of acceptors does not degrade the donors and the acceptors are photo- 
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bleached to 10% of their initial value.  These constraints can be easily met with the use of 

laser scanning confocal microscope. 

 

 This method avoids the spectral bleed-through problem. Moreover, this method is 

straightforward, quantitative and requires only one sample. The apparent efficiency, 

which is a measure of interaction, is calculated by subtracting the fluorescence intensity 

of donors in the presence of acceptors from de-quenched donors, and by dividing this 

with the fluorescence of de-quenched donors. If          is the fluorescent intensity of 

donor after de-quenching,   is the fluorescence intensity of donor in the presence of 

acceptor, the apparent FRET efficiency,     ,  in  acceptor photo-bleaching method is 

calculated using the following equation: 

     
          

        
  (1.9) 

 

To perform the FRET measurements based on acceptor photo-bleaching, the 

acceptors should be photo-destructive enough so that it takes less time to be bleached 

while the donor should take longer time to be destroyed by photons. The example of such 

FRET pair is Cy3-Cy5. In a positive note, the FRET measurements based on acceptor 

photo-bleaching require no control experiment, which renders this technique among the 

most accurate techniques for measuring FRET. 
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 The disadvantage of this method is that it is destructive. As a result, it can be used 

only once and is not suitable for dynamic measurements. This approach can also be slow 

depending on how long it takes to photo-bleach the acceptor.  

1.5.3  Fluorescence lifetime imaging microscopy 

Fluorescence lifetime imaging microscopy (FLIM) is a method that measures the time 

taken by the fluorophore to reach the ground state from excited state while releasing the 

photon. This method to measure FRET is less prone to cross-talk artifacts and is the most 

rigorous method (21). The concept of FLIM is related to acceptor photo-bleaching.  The 

fluorescence intensity decay that all fluorescent molecules show on a nanosecond 

timescale is sensitive to environmental factors that quench the fluorescence. Because of 

FRET between a donor and acceptors, the donor fluorescence is quenched and this can be 

measured by the decrease in the fluorescence lifetime of the donor in the presence of 

acceptors. Thus, FLIM gives the accurate value of FRET efficiency. On a positive note, 

FLIM is not affected by the direct excitation of acceptors unlike other methods and even 

the acceptors which are not fluorescent can also be used (12).  This expands the number 

of fluoresceltly tagged protein-FRET pairs that can be used in this method. 

 

 There are two techniques for measuring the fluorescence lifetimes, time domain 

FLIM and frequency domain FLIM. In frequency domain, the fluorescence lifetime is 

measured from the phase shift and the demodulation of the fluorescent light with respect 

to the phase and the modulation depth of the modulated excitation source. On the other 

hand, the fluorescence lifetime in the time domain FLIM is measured by measuring the 
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fluorescence time decay of the sample by exciting it with suitable light. Lifetime 

measurements can be performed both in wide field and in scanning microscopes such as 

confocal microscopes and two-photon microscopes. FLIM allows us to understand the 

environment of a protein at atomic resolution, down to 8nm, far greater than what is 

possible with even electron microscopy. 

 

 However, there are many challenges associated with this method, which limit its 

applicability in FRET imaging. The fluorescent lifetimes are of the order of nanoseconds 

and the detection systems of high time resolution are expensive to obtain and to maintain 

and are not yet widely available. Moreover, FLIM is very slow. It requires several 

minutes to acquire a single image. Hence, this method cannot be used to study 

interactions which are dynamic and occur in less time than required to collect the image. 

In addition, the fluorescent proteins in living cells have more than one lifetimes which 

require the acquisition of more comprehensive data for FRET analysis. This further slows 

the FLIM-FRET measurements. The environmental factors such as the pH change, 

autofluorescence can shorten the fluorescence lifetime and sometimes may give 

misleading results, hence, while interpreting the FLIM-FRET data in living cells care 

must be taken.  Also, this system cannot be used for the determination of stoichiometry of 

proteins larger than the order of dimers, because in that case, many combinations of 

oligomers depending upon the number of donors and acceptors and their position within 

each oligomer is possible and each configuration will give different fluorescence lifetime. 

Due to large number of lifetimes in each pixel, it is impossible to fit the experimental 

data with exponential functions corresponding to lifetimes of different configurations. 
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1.5.4  Spectral imaging 

Spectral imaging is a form of imaging where the total spectral fluorescence emanating 

from each voxel of the sample that contains both donor and acceptor fluorescence is 

collected by the detector at once on the excitation wavelength of the donor. Unlike 

sensitized emission, filters are not used to collect donor fluorescence and acceptor 

fluorescence. The sample expressing donors only and acceptors only are used to get the 

spectrum of the donor and the acceptor.  The spectrum containing both donor and 

acceptor components are spectrally unmixed using the donor only and acceptor only 

spectrum to get the donor fluorescence and acceptor fluorescence (22, 23). This method 

requires special spectral imaging equipment and is readily available with confocal 

microscopes or can be added to conventional fluorescence microscopes at modest cost. 

The use of two excitation wavelengths or the previous determination of the cross talk due 

to the direction excitation of acceptor permits the determination of FRET (17). With the 

development of more commercial systems, the use of spectral imaging is increasing. In 

the future, it is expected that the spectral imaging will be one of the main methods for 

performing FRET imaging. 

1.5.5  Polarization anisotropy imaging 

This method can provide information about size and shape of protein or the rigidity of the 

molecular environments. It is based on the measurement of fluorescence polarization 

(24). When the polarized light falls on the fluorophores, the fluorophores whose 

transition dipole moments are in the direction of electric field of the polarized light will 

absorb the photon. Thus, one excites the molecules selectively (see Figure 1.7).  This 

selective excitation results in partially polarized emission. The relative angles between 
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the excitation moment and emission moment determine the maximum measured 

anisotropy of the fluorescent molecules. When the sample is excited by the vertically 

polarized light, the fluorescence anisotropy, , and polarization, , are defined as: 

  
     
      

   (1.10) 

and 

  
     
     

   (1.11) 

where     and     are the fluorescence intensities of the vertically and horizontally 

polarized emission. The rotational diffusion of the molecules can decrease the anisotropy 

of the fluorophores (Fig. 1.7).  Such diffusions displace the transition dipoles and occur 

during the lifetime of the fluorophore. In fluorescent proteins, because of their large size, 

the rotational diffusions are slow; hence the depolarization rate of fluorescence is little. If 

the FRET occurs between the two FPs that are slightly misaligned then the measured 

fluorescence will be coming out of different angle which is the same as the rotation of 

FP. 
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Figure 1.7:  Illustration of effect of polarized excitation and rotational diffusion on the 

fluorescence. This figure is adapted from (2). 

 

 

 The polarization FRET technique is most useful for investigating the presence or 

absence of FRET; however, it is not good at differentiating the weak and strong FRET. 

 

1.6  Application of FRET in biology 

FRET has been used in many biological problems.  A few important applications of 

FRET are discussed below. 
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1.6.1  Detection of heteromerization of more than two proteins  

To decode the properties of molecular networks that control intercellular communication, 

it is important to identify the formation of higher order oligomers in the plasma 

membrane. G-protein coupled receptors (GPCRs), seven transmembrane spanning 

receptors, play a significant role in communication systems throughout the animal 

kingdom. However, their function is specific for a given cell and/or condition and 

depends on the occurrence of oligomeric complexes formed by them. The ligands induce 

conformational changes within the oligomer and modify the proteins’ signaling, 

pharmacology and trafficking (25-27). Therefore, it is necessary to understand the 

proteins interacting within the oligomers to understand the mechanism underlying 

endocrine communication and cell transmission. 

 

 To study the protein-protein interaction, co-immunoprecipitation followed by 

Western blotting, is primarily used.  However, co-immuniprecipitation requires the 

solubilization of membranes to extract membrane proteins. Thus, the complexes observed 

by this method may be the artifacts of the solubilization. The method proposed by 

Carriba et al. (28)  is based on bioluminescence resonance energy transfer (BRET) and 

fluorescence resonance energy transfer (FRET) and demonstrates the heteromeric 

protein-protein interaction in living cells and overcomes the technical limitations 

involved in the coimmunoprecipitation. Carriba and co-workers combined BRET and 

FRET in a technique called sequential BRET-FRET (SRET) to identify the heterotrimers 

formed by three different proteins. They fused one protein to Renilla luciferase (Rluc), 

the second protein to BRET acceptor (GFP or YFP) and the third protein to the FRET 
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acceptor (YFP or DsRed). The oxidation of Rluc by the Rluc fusion protein triggers the 

acceptor excitation through BRET and subsequently the energy from excited BRET 

acceptor is transferred to FRET acceptor. Using SRET they identified the interaction of 

cannabinoid CB1, dopamine D2 and adenosine A2A receptors in living cells. The method 

developed by them is a suitable tool to understand the nature of protein assemblies and 

their interface in living cells. 

 1.6.2  Tracking SNARE complex formation in live endocrine cells 

 Syntaxin (Syx), synaptosome-associated protein of 25kD (SNAP25), and vesicle-

associated membrane proteins/ synaptobrevin (Syb) are collectively called SNARE 

proteins. These proteins are responsible for catalyzing neuronal exocytosis by forming a 

core complex. An et al. (29)  used FRET to track SNARE complex formation in live 

endocrine PC12 cells. To understand the complex formation in living cells, An and co-

workers made a fluorescent SNAP25. The cyan fluorescent protein (CFP) was FRET 

donor while the fluorescent protein, Venus was FRET acceptor in their experiment. When 

this fluorescent protein enters in SNARE complex, the intermolecular Fluorescence 

Resonance Energy Transfer occurs. SNAP25 is SN1 connected to SN2 separated by 50 

amino acid long linker. SN1 and SN2 are called SNARE motif regions. When SNAP25 is 

alone, SN1 and SN2 are unstructured. However, when SNAP25 forms a complex with 

Syx and Syb, SN1 and SN2 fold as parallel helices within a four –helix bundle, and the 

N-terminals of SN1 and SN2 reach close to each other.  
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1.6.3  Probing calcium ion concentration changes in living cells 

CHO cells expressing M1 muscarinic acetylcholine receptors were used to probe the 

concentration changes of calcium ions.  Premo Cameleon FRET biosensors (Life 

Technologies) were used to probe the calcium ion concentration changes within the cell. 

This sensor consists of fluorophores eCFP and cpVenus that are connected by a 

calmodulin-M13 moiety. When four calcium ions bind to calmodulin, a conformational 

change occurs in the biosensor that brings the fluorophores together and causes increase 

in FRET efficiency. By monitoring the changes in FRET efficiency in the cell or in an 

organelle of the cell the concentration changes in the cell or in the organelle can be 

probed. 

 

 Stoneman and co-workers (30) transduced CHO cells expressing M1 receptors 

(CHO M1WT3, ATCC; Manassas, VA) using BacMAM transduction protocol to express 

the Premo Cameleon biosensors ( Life Technologies). Cells expressing the Cameleon 

sensor were imaged using optical micro-spectroscopy (OptiMis). The cells were treated 

with 500 μM carbachol, a muscarinic receptor agonist, and imaged over an extended 

period of time at intervals of 15 seconds. The change in FRET efficiency distribution of a 

cell before and after treatment of carbachol is shown in Fig. 1.8 (A). The effect of 

carbachol addition on FRET efficiency with time, is shown in Fig. 1.8 (B). 
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Figure 1.8:  Distributions of FRET efficiencies in CHO cells expressing the rat M1 muscarinic 

receptor and the Premo Cameleon FRET Biosensor.  (A) FRET efficiency histograms obtained 

for a single cell before and 190 s after addition of agonist (carbachol). (B) Average value of 

FRET efficiency histograms obtained at several time points before (open squares) and after 

addition of carbachol (solid black squares).  The open squares are the average of the FRET 

efficiency histogram for a cell scanned in a similar manner as the carbachol-treated cell, but never 

exposed to carbachol. 

 

1.6.4  Measuring energetics of membrane protein dimerization 

Due to many experimental challenges, the interactions between the membrane proteins 

are the least well-characterized (31, 32) of protein interactions. This difficulty is because 

most of the mammalian transmembrane proteins are alpha helical, though there are some 

studies of interaction energetics of transmembrane (TM) helices in TM bilayers (33-35) 

carried out in detergent micelles. To better understand biological processes, it is 

necessary to measure the strength of TM helix association in the natural cell environment. 

Glycophorin A (GpA), the primary sialoglycoprotein of the human erythrocyte 

membrane, is a widely studied protein in terms of dimerization energetics. It has been 

shown by some  investigators that GpA has propensity for sequence specific dimerization 

in detergents and in bacterial membranes (36, 37). Chen and co-workers measured the 

energetics of GpA TM domain dimerization in vesicles derived from mammalian 
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membrane. To study plasma membrane lipids and proteins, vesicles are used as model 

system (38).  The authors used quantative imaging Förster resonance energy transfer (QI-

FRET) to determine the equilibrium constant of dimerization    (39) and using the 

equation: 

                       (1.12)  

where,    is the change in the Gibbs free energy,   is the ideal gas constant and   is the 

equilibrium temperature, calculated the change in free energy of dimerization which was 

-3.9  0.2 kcal/mol. This is the first quantitative measure of the dimerization energetics of 

a membrane protein in mammalian membranes.  The free energy of GpA dimerization 

can be used as a standard for other interaction energies for comparison. 

1.6.5  Stoichiometry determination of protein complexes 

Raicu and co-workers (23) used spectrally resolved FRET to determine the stoichiometry 

of the alpha-factor receptor protein Ste2 (Ste2p), a yeast mating protein (40). Their 

method relies on both sensitized acceptor emission and on donor-dequenching (also 

called acceptor photo-bleaching). They tagged Ste2p with CFP, GFP and YFP to obtain 

Ste2p-CFP, Ste2p-GFP, and Ste2p-YFP, respectively. CFP and GFP tagged proteins were 

donor of energies while YFP tagged protein acted as acceptor of energy in FRET 

processes. The authors calculated the apparent FRET efficiencies for Ste2p-CFP/Ste2p-

YFP and Ste2p-GFP/Ste2p-YFP FRET pairs and based on the theoretical model 

presented by them, determined that the Ste2p protein is dimeric.  
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1.7  Other applications of FRET in biology 

We have already discussed some important applications of FRET in biology. Here, we 

briefly describe other biophysical and biological applications of FRET. Parson and co-

workers (41) used FRET to analyze the molecular interactions and conformational 

changes in various proteins involved in the regulation of cell adhesion and motility. 

Pearce et al. (42) used FRET to study the role of metallothionein (MT) in nitric oxide 

signaling. MT is a 6- to 7-kDa cysteine –rich metal binding protein and is an important 

component of intracellular redox signaling, including a target for nitric oxide. Hink et al. 

studied the dynamic complexes formed by proteins in plant cells using FRET (43). 

Heyduk et al. (44) highlighted the application of FRET in the measurement of the 

distances between macromolecules and conformational changes in proteins at single 

molecule level in the native in vivo context of a living cell. Coarsi et al. (45) presented a 

fuzzy nanostructured system called a nano-capsule as a nanometric device to allow 

distance modulation that preserved the photo physical properties of the fluorescent dyes 

and exhibits good potential features for improving quantitative FRET analysis. These 

authors used three steady-state fluorescence methods and one fluorescence life-time 

based method to evaluate the behavior of such a sample. These nano-devices developed 

by the authors can be used as a benchmark system for characterizing new FRET couples 

and for the development of quantitative FRET analysis. Lleres and co-workers (46) used 

FRET in conjunction with multi-photon fluorescence lifetime microscopy (FLIM) to 

study chromatin compaction in living cells at the scale of nucleosomal arrays. They 

tagged histone H2B either with enhanced green fluorescent protein (FP) or with m-

Cherry FPs to express them in human cell lines. FRET can take place between the 



39 
 

 

nucleosomes tagged with separate FPs and increases when the chromatin compacts. Their 

results were consistent with the higher order chromatin compaction during anaphase. 

Raicu and co-workers (47) used spectral FRET to determine the quaternary structure of 

yeast mating protein Ste2p. For that they tagged Ste2p with GFP2 and Ste2p with YFP 

and coexpressed these proteins in yeast cells. The cells expressing both proteins were 

imaged and distribution of FRET efficiencies was obtained. This distribution of FRET 

efficiencies was simulated against theoretical models developed by Raicu and his team to 

get the quaternary structure and stoichiometry of Ste2p protein. In contrast to their 

previous study (Raicu, 2005) this time they showed using spectral FRET that Ste2p is 

tetrameric. Demarco et al. (48) developed an imaging method based on the 

photoactivated green fluorescent protein (PA-GFP) and FRET microscopy. They used 

this method also known as photoquenching FRET (PQ-FRET) to monitor dynamic 

interactions of the heterochromatin protein-1 alpha (HP1α) and the transcription factor 

CCAAT/enhancer binding protein alpha (C/EBPα) in region of centromeric 

heterochromatin in mouse pituitary cells. More quantitatively, FRET has been used for 

determining the average size of the oligomers from average FRET efficiency values of 

populations of interacting molecules (49, 50) as well as the average fraction of associated 

versus unassociated monomers in a population of homo-oligomerizing proteins (39). 

Using spectral FRET Pisterzi et al. determined that M2 muscarinic receptors form 

tetramemers in the living cells. Maurel and co-workers (50) developed a method based on 

FRET in conjuction with Snap-tag technology to quantify the protein-protein interaction 

at the surface of living cells. Using this technology they concluded that class A and class 

C, G proteins-coupled receptors (GPCRs) form oligomers. Chen et al. (39) used FRET to 
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determine the contribution of the extracellular domain of fibroblast growth factor 

receptor 3 (FGFR3) to the dimerization of the receptor. Albizu et al. (51) used time-

resolved FRET to report the oligomerization of GPCRs in their native tissues. Chapman 

et al. (52) used FRET to study the interactions between calmodulin and the tryptophan 

residues of synthetic peptides. Those as well as other applications are discussed more 

extensively in review articles and books (see, e.g., (2, 10, 53)).  
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Chapter  2.  Förster rate of energy transfer 

In this chapter, we present a historical background of energy transfer, the classical 

derivation of energy transfer as described by Perrin, and the classical and quantum 

mechanical derivations of energy transfer by Förster. In addition, we derive the 

expressions for FRET efficiencies for different configurations of oligomers arranged in 

different geometries in terms of pair-wise FRET efficiency (i.e., the FRET efficiency 

between a donor and an acceptor), which will be used to determine the quaternary 

structure of proteins in chapter 6. 

 

2.1  Historical background of resonance energy transfer 

J. Perrin developed the early dipole-dipole interaction model of energy transfer in 

solutions (1, 2). He hypothesized that excitation energy could be transfered from one 

molecule to another through interactions between oscillating dipoles. Classically, the 

electric field due to an oscillating dipole,  ⃗ , decreases as the distance between the 

dipoles,  , increases. The electric field due to oscillating dipoles can be divided into three 

zones: the near field zone ( ⃗     ), the far-field zone ( ⃗     ), and the intermediate 

between the near-field and far-field. Dipole-dipole interaction had already been used to 

describe the molecular interactions in the bulk matter.  Here, we are only interested in the 

dipole-dipole interaction energy in the near field. In this regime, the interaction energy is 

large compared to the energy in the other two zones. The non-radiative mechanism based 

on dipole-dipole interaction successfully accounted for the energy transfer in a gas 

mixture arising from the collision between atoms (1, 3, 4).  
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  Perrin reasoned that the observed depolarization in a solution of fluorophore of 

high concentration is due to the excitation energy transfer between molecules of different 

orientations, before a photon is emitted. In his model, the interaction energy,     , 

between two oscillating dipoles of molecules, donor (D) and acceptor (A),  was      

 ⃗   ⃗⃗  , where,  ⃗⃗   is the dipole moment of the acceptors and  ⃗  the electric field due to 

donor dipole at acceptor dipole. This interaction energy is identical to the perturbation 

energy in the quantum mechanical description of FRET as described later in this chapter. 

Moreover, Perrin assumed that the molecules are identical  (2, 5). Initially he presented 

the classical view of his model involving point dipoles; later his son, F. Perrin, also 

presented the quantum mechanical description of the model proposed by J. Perin, where 

the point dipoles become the transition dipoles (6).  The Perrins’ (J. and F.) assumption 

that the energy transfer between the molecules involves dipole perturbations was correct 

as it was also realized by earlier researchers studying molecular interactions. However, 

their theory was unable to explain the energy transfer in solutions of identical molecules. 

It was known that at the concentrations of fluorophore solution when the molecules are 

separated by ~ 2-5nm (7), the fluorescence becomes depolarized. However, their model 

to explain this depolarization predicted much longer distances between the molecules in 

order for energy transfer take place and hence the depolarization. Because of this 

discrepancy, the Perrins’ theory of energy transfer lay dormant for about 20 years. 
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 Förster appreciated that the assumption of dipole-dipole interaction proposed by 

Perrins to explain energy transfer in solutions was correct (1). According to Perrins the 

two oscillators can exchange energy only if the both oscillators have the exact same 

fundamental frequencies, i.e., the both oscillators are in resonance.  However, Förster 

realized that the resonance condition as assumed by Perrins is not limited to single 

frequencies. Molecules in both ground and excited states have a distribution of energies, 

and particularly in solutions these distributions are even wider because of their vibrations 

and interactions with surrounding molecules. When the chromophore is excited to its 

Frank-Condon state (see below), the excited molecule rapidly relaxes to the equilibrium 

Boltzmann distribution of its vibrational and rotational states in less than a picosecond. 

These distributions are responsible for the shape and the width of the absorption and 

emission spectrum of the chromophores. Specifically, the absorption and emission 

spectra of isolated molecules are narrow, and broaden when the molecules are immersed 

in a  liquid solution.  Such distributions of energies affect significantly the probability per 

unit time of spectroscopic transitions and the rate of energy transfer. 

 

 During energy transfer, of course, energy must be conserved. Therefore, energy 

can be exchanged between donor and acceptor molecules only if the difference between 

their instantaneous final energy states and the initial energy states are equal. However, 

this resonance condition is distributed over all frequency values where the emission 

spectrum of donor and excitation spectrum of acceptor overlap. This drastically reduces 

the probability of meeting the resonance condition. Because of the spectral width, only a 

fraction of molecules are exactly in resonance at a time. Another condition for Förster 
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energy transfer is that the coupling between the two molecules is very weak, such that the 

absorption and emission spectrum of molecules are not influenced by the coupling, that 

is, the molecules interact with each other but still can be regarded as separate molecular 

species. 

 

 The probability that the vibrational frequency of the donor exactly matches the 

frequency of the acceptor is calculated by integrating the product between the donor’s 

emission spectrum and the acceptor’s absorption spectrum over the overlapping 

frequencies. This integral is also known as the overlap integral. Förster published a series 

of papers on this topic. In his first paper, he presented the simple probabilistic 

calculations, and soon thereafter he presented a thorough quantum mechanical account of 

energy transfer (8). 

 

 Förster’s theory was in agreement with the experimental observations. The 

distance over which the molecules can effectively exchange energy without emitting or 

absorbing photons, predicted by Förster’s theory, was much less than that predicted by 

Perrin’s theory. The rate of energy transfer varies as    ⁄  in Förster’s theory and 

as     ⁄  in Perrin’s theory, where   is the distance between donor and acceptor. Förster’s 

theory also takes into account the relative orientations of interacting dipoles and since 

then has been rigorously checked (1, 9).  

 



48 
 

 

2.2  Review of physical quantities needed for Förster’s theory 

2.2.1  Absorption and emission of radiation 

When an atom or molecule in the ground state characterized by the wave function    ⟩ 

and energy    is subjected to electromagnetic radiation of frequency  , it enters an 

excited state characterized by wave function    ⟩ and energy   . The frequency  , 

energy  , and energy    are related as: 

                     (2.1) 

Three absorption/emission processes may occur, as illustrated in Fig. 2.1-Fig 2.3 and are 

discussed below.  

Absorption 

In absorption, the molecule or atom M absorbs a quantum of energy and is excited from 

   ⟩  to    ⟩   to become   .  This process is illustrated in Fig. 2.1 and can be represented 

as follows: 

        . 
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Figure 2.1:  Energy level diagram of a two-state system illustrating absorption.    is the energy of 

the system in the state    ⟩ and     is the energy of the system in state    ⟩ . 

 

Spontaneous Emission 

Almost all emissions that we usually encounter are of spontaneous type. Examples are 

emissions from sodium vapors or tungsten filament. This process is illustrated in Fig. 2.2.  

In this process, the excited molecule or atom    in state    ⟩ spontaneously emits a 

quantum of energy to reach the ground state   ⟩ : 
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Figure 2.2:  Energy level diagram of a two-state system illustrating spontaneous emission.    is 

the energy of the system in the state    ⟩ and     is the energy of the system in state    ⟩. 

 

Stimulated Emission 

Stimulated emission is a process in which an incident radiation of appropriate frequency 

triggers an atom in an excited state to emit radiation of the same frequency. The rate of 

stimulated emission depends on the intensity of external field and also the number of 

atoms or molecules in the excited state. This process is illustrated in Fig. 2.3. If    is the 

frequency of incident radiation required to induce or stimulate    to go from excited 

state    ⟩ to the ground state    ⟩, then this process is represented by: 
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Figure 2.3:  Energy level diagram of a two-state system illustrating stimulated emission.    is the 

energy of the system in the state    ⟩ and     is the energy of the system in state    ⟩. 

 

2.2.2  Einstein’s A and B coefficients 

Let us consider an atom or molecule having two states, as shown in Fig. 2.1. The rate of 

change of population    of the excited state    ⟩ due to the absorption is given by: 

   

  
            (2.2) 

where     is the Einstein coefficient for absorption and      is the spectral radiation 

density  given by Plank’s formula: 

     
   𝜇     ⁄

   (
  
   

)    
  (2.3) 

In the above expression   is Planck’s constant, 𝜇 is the refractive index of the medium,   

is the speed of light,   is the equilibrium temperature and    is the Boltzmann constant. 
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Similarly, the rate of change of population    due to stimulated emission (see Fig. 2.3) is 

given by: 

   

  
             (2.4) 

where     is the Einstein coefficient for this process and is equal to    . For spontaneous 

emission (see Fig. 2.2), we have: 

   

  
         (2.5) 

where     is Einstein’s coefficient for spontaneous emission. If the system is in thermal 

equilibrium in the presence of radiation of frequency  , then we have: 

   

  
 (     )                 (2.6) 

which gives: 

(
  

  
  )

  

 
       

   
  (2.7) 

In thermal equilibrium, the number of molecules,   , in energy state    ⟩  and the number 

of molecules,   , in energy state    ⟩  are related as: 

  

  
 

  

  
   (

  

  
)  (2.8) 

where     and    are the degeneracies of the states    ⟩ and    ⟩, respectively. If the 

degeneracies of both the states are equal, then inserting (2.8) in (2.7) and then comparing 

with (2.3) we get: 
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  𝜇       

  
  (2.9) 

This is the relationship between Einstein’s   and   coefficients. According to this 

equation, the spontaneous emission varies as the cube of the frequency relative to the 

stimulated emission. 

2.2.3  Dipole moment  

The electric dipole moment of a molecule, denoted by  ⃗⃗ , is defined as: 

 ⃗⃗     ∑  ⃗⃗ 

 

  ∑   ⃗   
 

  (2.10) 

where     ’s are the position vectors of electrons,  ⃗  ’s are the position vectors of nuclei, 

   is the charge on each the electron and      is the charge on the  th
 nucleus. 

2.2.4  Born-Oppenheimer approximation 

Let us consider that the total wave function of the molecule is      and its electronic and 

vibrational component wave functions are     and     .  By assuming that     the 

electrons move much faster than the nucleus that the nucleus can be considered to be 

fixed during electronic motion,  and that      the nucleus senses a constant potential 

because of the speedy motion of the electrons, one can separate the wave function of the 

molecule into its electronic and nuclear components, i.e., 

              (2.11) 

This is called the Born-Oppenheimer approximation. 
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2.2.5  Transition dipole moment  

The transition dipole moment is the electric dipole moment associated to the transition 

from ground state to the excited state.  If    ⟩ denotes the ground state of the molecule 

and    ⟩ the excited state of the molecule then the transition dipole moment, usually 

denoted by  ⃗⃗   , is defined as: 

 ⃗⃗    ⟨ | ⃗⃗ | ⟩  (2.12) 

Within the Born-Oppenheimer approximation the ground state    ⟩ and the excited state 

   ⟩ can be written as    ⟩     ⟩    ⟩ and   ⟩     ⟩    ⟩ , where    ⟩ and     ⟩ are 

electronic and vibrational wave functions of the ground states and   ⟩ and    ⟩ are the 

electronic and vibrational wave functions of the excited state. Thus, from (2.12) we have: 

 ⃗⃗     ⟨    |  ∑  ⃗⃗  ⃗

 

  ∑   ⃗   
 

|    ⟩  (2.13) 

or 

 ⃗⃗       ∑⟨  |  ⃗⃗  ⃗|  ⟩

 

⟨  |  ⟩   ∑  ⟨  | ⃗   |   ⟩

 

⟨  |  ⟩  (2.14) 

Since ⟨  |  ⟩   , (2.14) can be written as: 

 ⃗⃗       ∑⟨  |  ⃗⃗  ⃗|  ⟩

 

⟨  |  ⟩  (2.15) 

 

2.2.6  Frank-Condon principle 

The Frank-Condon principle is a rule that explains the vibronic transitions in 

spectroscopy and quantum chemistry. Vibronic transitions are transitions that occur 
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following the absorption or emission of a photon by the molecule and involve 

simultaneous changes in electronic and vibrational energy levels. The principle states that 

the time scale for electronic transitions between two states is so fast compared to the 

nuclear motion that the nucleus can be considered static, and the vibrational transition 

from one state to another state is more likely to happen if these states have a large 

overlap. The resulting state is called Frank-Condon state. This principle explains why 

certain peaks are stronger than others in the absorption spectrum of molecules. If we 

define   (     )   ⟨  |  ⟩  and  ⃗⃗     ∑ ⟨  |  ⃗⃗  ⃗|  ⟩   then (2.15) can be expressed as: 

 ⃗⃗     ⃗⃗          , (2.16) 

where  ⃗⃗  is the electronic transition dipole moment and | (     )|
 
 is the Frank-Condon 

factor. The Frank-Condon factor is the measure of the degree of overlap between the 

excited state vibrational wave function and the ground state wave function and varies 

between 0 and 1. It governs the vibrational transition contribution to the transition 

probability and has large contribution if the vibrational ground state and excited state 

have a large overlap (Fig. 2.4). 
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Figure 2.4:  Transition of an electron from electronic ground state to electronic excited state. The 

electronic transitions are fast compared to the nuclear motion and hence the nucleus can be 

regarded as at rest during transition. The transition between vibrational levels      and      

is favored because of large overlap of vibrational wave functions.  
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2.2.7  Relation between the Einstein coefficients and the transition 

dipole moment 

The average power radiated by a classical oscillating dipole is given by (10): 

   
  𝜇   

 

    
  (2.17) 

where   is the angular frequency of the oscillating dipole,  𝜇  is the refractive index of 

the medium,     is the  classical dipole moment and is equal to the product of charge   

and the distance between two charges    making the dipole, and    is the speed of light. 

From (2.17), it is clear that the power radiated by the classical oscillator is same for     

which reflects the time-reversal symmetry between absorption and emission. For a 

quantum mechanical oscillator, there are separate matrix elements for emission and 

absorption. Hence, the quantum mechanical (transition) dipole moment can be written as: 

    |  |  ⟨ |  | ⟩  ⟨ |  | ⟩  (2.18) 

where  ⟩ and   ⟩ represent the initial and excited states of the oscillators. Denoting 

    ⟨ |  | ⟩ and     ⟨ |  | ⟩  (2.18) can also be expressed as: 

                    
 

            
(2.19) 

where    
  is the complex conjugate of     . Again writing      |   |         , where 

              

       
,  (2.19) becomes: 

      |   |  (2.20) 

By replacing     in (2.17) with      given by (2.20), we obtain: 

   
   𝜇|   |

 

    
  (2.21) 
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 The power radiated by an oscillator is the rate of energy it emits during spontaneous 

transition, and it can be written in terms of Einstein’s    coefficient as: 

                   (2.22) 

where   is the frequency of the oscillator.  Substitution of (2.22) into (2.21) gives 

     
  𝜇    |   |

 

    
  (2.23) 

Further, substitution of  (2.23) into (2.9) yields: 

     
  |   |

 

   𝜇
  (2.24) 

 

2.2.8   Fluorescence emission spectrum of the molecules 

If       is the fluorescence spectrum such that ∫          and        is the 

Boltzmann factor for the excited state   ⟩ of the molecule in thermal equilibrium, then 

(2.23), in conjunction with (2.16), can be generalized as: 

    
 

  
 

∫      

  
  ∫  

  𝜇      

    
∫ (  )   

 (        )     (2.25) 

where   
  is the Franck-Condon factor associated with the fluorescence of the molecule 

and    is the fluorescence lifetime of the donor, which is equal to the inverse of radiative 

de-excitation (spontaneous emission) rate, as described in chapter 1.  From (2.25), the 

fluorescence spectrum      can be written as: 

     
  𝜇   

     

    
∫ (  )   

 (        )     (2.26) 
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2.2.9  Beer-Lambert law and the extinction coefficient 

We consider a slab of solution as shown in Fig. 2.5 having thickness   that contains   

light absorbing molecules/cm
3
. Let the absorption cross-section of molecules be σ (in 

units of cm
2
). Let    be the intensity of light falling on the sample and   is the intensity of 

light coming out of the sample. The light intensity absorbed per unit thickness is 

proportional to the intensity of the incident light,  , absorption cross section, σ, and the 

number density of light-absorbing molecules (i.e., molecules per cm
3
),  . Thus, we have: 

  

  
       (2.27) 

Integration of (2.27) with boundary condition       at       yields: 

  (
  
 
)       (2.28) 

where    is the thickness of the sample.  

 

 

Figure 2.5:  Illustration of absorption of light by a slab of solution of fluorescent molecules of 

thickness d.    is the intensity of incident light on the slab and    is the intensity of light after 

passing through the slab. This figure is adapted from (11). 


