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Abstract. Fluorescence resonance energy transfer (FRET) from Coumarin 153 (C153) to Rhodamine 
6G (R6G) in a secondary aggregate of a bile salt (sodium deoxycholate, NaDC) is studied by femtosec-
ond up-conversion. The emission spectrum of C153 in NaDC is analysed in terms of two spectra–one 
with emission maximum at 480 nm which corresponds to a non-polar and hydrophobic site and another 
with maximum at ~530 nm which arises from a polar hydrophilic site. The time constants of FRET were 
obtained from the rise time of the emission of the acceptor (R6G). In the NaDC aggregate, FRET occurs 
in multiple time scales - 4 ps and 3700 ps. The 4 ps component is assigned to FRET from a donor (D)  
to an acceptor (A) held at a close distance (RDA ~ 17 Å) inside the bile salt aggregate. The 3700 ps com-
ponent corresponds to a donor–acceptor distance ~48 Å. The long (3700 ps) component may involve  
diffusion of the donor. With increase in the excitation wavelength (λex) from 375 to 435 nm, the relative 
contribution of the ultrafast component of FRET (~4 ps) increases from 3 to 40% with a concomitant  
decrease in the contribution of the ultraslow component (~3700 ps) from 97 to 60%. The λex dependence 
is attributed to the presence of donors at different locations. At a long λex (435 nm) donors in the highly 
polar peripheral region are excited. A short λex (375 nm) ‘selects’ donor at a hydrophobic location. 
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1. Introduction 

Bile salts are biologically important natural surfac-
tant molecules and play an important role in biliary 
secretion and solubilization of cholesterol, lipid, 
bilirubin, fat-soluble vitamins and many other spe-
cies in living organisms.1 The bile salt, sodium de-
oxycholate consists of a convex hydrophobic surface 
(the steroid ring) and a concave hydrophilic surface 
(hydroxyl groups and carboxylate ions). In a slightly 
alkaline medium (pH > 7.5), NaDC displays two 
critical micellar concentrations (CMC1 and CMC2) 
at 10 and 60 mM, respectively. At a lower concen-
tration (~10 mM) bile salt forms a primary aggre-
gate with the polar face (hydroxyl group and ions) 
pointing outwards (scheme 2a).1a At a sufficiently 
higher concentration (> 60 mM), the secondary aggre-
gates are formed.1,2 According to small angle neutron 
scattering (SANS) studies, the secondary aggregate 
is a long (~40 Å) cylinder with a central water filled 
tunnel with radius ~8 Å (scheme 2b).2 The micro-
environment and binding dynamics of many fluores-

cent probes in different sites of a bile salt aggregate 
has been studied extensively.3,4 
 In the present work, we report on fluorescence 
resonance energy transfer (FRET) between a donor 
(coumarin 153, C153) and an acceptor (rhodamine 
6G, R6G) inside the secondary aggregate of NaDC. 
According to the Forster model, the rate of FRET is 
inversely proportional to the sixth power of distance 
(RDA) between the donor (D) and the acceptor (A).5,6 
As a result, FRET between a donor and an acceptor 
held at close proximity in a nanocavity occurs in  
ultrafast time scale (~ a few ps). The main interest 
on FRET in confined environment stems from their 
important role in many biological processes.5 Most 
recent applications of FRET include single molecule 
studies in protein folding,5b,c in polymers,5e and in 
nanoparticles.5f 
 Most biological systems are heterogeneous on 
molecular length scale. In such a system, the donor 
or the acceptor may reside in drastically different 
environments.6,7 The absorption and emission spec-
tra of the donor (C153) depends strongly on the po-
larity9 and thus, varies markedly with different 

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Publications of the IAS Fellows

https://core.ac.uk/display/291570808?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


Ujjwal Mandal et al 

 

16 

locations. Both the donor (C153) and the acceptor 
(R6G) bind strongly to the NaDC aggregate. In the 
case of the cationic acceptor (R6G), binding to the 
anionic NaDC aggregate originates mainly from 
electrostatic and also from hydrophobic interaction. 
The neutral donor (C153) is sparingly soluble in  
water and much more soluble in non-polar media. 
Binding of C153 to NaDC is mainly governed by 
hydrophobic interactions. 
 In order to explore FRET in different regions of 
the bile salt aggregate, we made use of the excitation 
wavelength (λex) dependence of the spectra of the 
donor (C153). Excitation at a shorter wavelength 
(‘blue edge’) selects the donor (C153) residing in a 
relatively non-polar (‘buried’) environment and gives 
rise to a blue shifted emission spectrum. On the con-
trary, excitation at a longer wavelength (‘red edge’) 
selects the probe in a relatively polar (‘exposed’) site 
and gives rise to a red shifted emission spectrum. 
This phenomenon of red shift of emission maximum 
with increase in λex, is known as the red edge excita-
tion shift (REES).6–8 Excitation wavelength (λex) de-
pendence of FRET is relatively less explored. Very 
recently, we have demonstrated this for a micelle,6a 
gel6a and reverse micelle.6b In this work, we show 
that FRET in the interior of a secondary aggregation 
of bile salt, NaDC exhibits marked dependence on 
excitation wavelength (λex). 

2. Experimental 

Laser grade coumarin 153 (C153, scheme 1a) and 
Rhodamine 6G (R6G, scheme 1b) were purchased 
from Exciton. Bile salt, sodium deoxycholate (NaDC 
scheme 2) was purchased form Aldrich and used 
without further purification. In this experiment  
we used an aqueous solution of NaDC of concentra-
tion 105 mM. Donor (C153) and acceptor (R6G) con-
centrations were kept fixed at 40 μM. The steady 
state absorption and emission spectra were recorded 
in a Shimadzu UV-2401 spectrophotometer  
and a Spex FluoroMax-3 spectrofluorimeter, respec-
tively. 
 In our femtosecond upconversion set up (FOG 100, 
CDP), the sample was excited at 375, 405 and 435 nm. 
Briefly, the sample was excited using the second 
harmonic of a mode-locked Ti-sapphire laser (Tsu-
nami, Spectra Physics) pumped by a 5 W Millennia 
(Spectra Physics). The fundamental beam was fre-
quency doubled in a non-linear crystal (1 mm BBO, 

θ = 25°, φ = 90°). The fluorescence emitted from the 
sample was upconverted in a non-linear crystal 
(0⋅5 mm BBO, θ = 38°, φ = 90°) using a gate pulse 
of the fundamental beam. The upconverted light is 
dispersed in a monochromator and detected using 
photon counting electronics. A cross-correlation 
function obtained using the Raman scattering from 
ethanol displayed a full width at half maximum 
(FWHM) of 350 fs. The femtosecond fluorescence 
 
 

 
 

Scheme 1. Schematic representation of Coumarin 153 
(a) and Rhodamine 6G (b). 
 
 
 

 
 

Scheme 2. Schematic representation of (a) Bile salt, 
NaDC, (b) Secondary aggregate of NaDC. 
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decays were fitted using a Gaussian shape for the 
excitation pulse. 
 To fit the femtosecond data we used the long pi-
cosecond components and kept them fixed during 
fitting of femtosecond data. The picosecond compo-
nents were detected using a set up in which the sam-
ples were excited at 375, 405 and 435 nm using 
picosecond diode laser (IBH Nanoleds) in an IBH 
Fluorocube apparatus. The emission was collected at 
a magic angle polarization using a Hamamatsu MCP 
photomultiplier (5000U-09). The time correlated 
single photon counting (TCSPC) set up consists of an 
Ortec 9327 CFD and a Tennelec TC 863 TAC. The 
data is collected with a PCA3 card (Oxford) as a 
multi-channel analyzer. The typical FWHM of the 
system response using a liquid scatterer is about 
90 ps. The fluorescence decays were deconvoluted 
using IBH DAS6 software. 
 In order to study fluorescence anisotropy decay, 
the analyzer was rotated at regular intervals to get 
the parallel (I ||) and perpendicular (I⊥) decays. The 
anisotropy function, r(t) was calculated using the 
formula 
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The G value of our set up was determined using a 
probe whose rotational relaxation is very fast, e.g. 
C153 in methanol and was found to be 1⋅45. 
 According to the Förster theory, the rate of FRET, 
kFRET is given by5a,b,8a,10 
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D
τ is the lifetime of the donor in the absence 

of acceptor. At a donor–acceptor distance RDA = R0, 
the efficiency of energy transfer is 50% and kFRET = 
(1/τD). The Förster distance R0 (in Å) is given 
by,5a,b,6,8a,10 

 
2 4 1 6

0
0.211[ ( )]

D
R n Q Jκ λ

−

=
, (3) 

where, QD is the quantum yield of the donor in the 
absence of acceptor, n is the refractive index of the 
medium (~1⋅4 for macromolecules in water),10 κ2 is 
the orientation factor and J(λ) is the spectral overlap 
between the donor emission and the acceptor ab-
sorption. J(λ) is related to the normalized fluores-
cence intensity (FD) of the donor in the absence of 

the acceptor and the extinction coefficient of the ac-
ceptor (εA) as,6,8a,10 
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The value of κ2 may vary from 0 (mutually perpen-
dicular transition dipoles) to 4 (collinear dipoles). 
For κ2 = 0, FRET is forbidden and no ultrafast com-
ponent of FRET would be observed. The ultrafast 
FRET detected in this work obviously indicates a 
large value of κ2. One can estimate the upper 2

max
( )κ  

and lower 2

min
( )κ  limit of κ2 following the recipe 

prescribed by Lakowicz and co-workers.10 The val-
ues of 2

max
κ  and 2

min
κ  are given by10 
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where, x

i
d  denotes the ratio of square root of the 

steady state fluorescence anisotropy ( )SS

i
r  and the 

initial value of anisotropy 0( )
i
r  in the anisotropy de-

cay of the ith species (donor or acceptor). However, 
the distance calculated using Förster model may 
vary by only about ≤ 20% in the range of values of 
κ2.6b,8a We therefore used κ2 = 2/3 (random orienta-
tion) for the calculation of R0. 
 In order to decompose the steady state emission 
spectrum into multiple spectra, we have assumed a 
log-normal spectral function e.g. 
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0
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where, I0 is peak height, λp is the emission maxi-
mum, b is the asymmetric factor, w denotes width of 
the spectrum. 

3. Results and discussions 

3.1 Steady state absorption and emission spectra: 

λex dependence 

In pure water, C153 exhibits an absorption peak at 
430 nm and an emission peak at ~549 nm (figure 
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1a). Solubility of C153 increases markedly on addi-
tion of NaDC. The absorption and emission spectra 
of C153 in 105 mM NaDC, are markedly blue 
shifted compared to those in water. In 105 mM 
NaDC solution, the absorption maximum of C153 is 
at 424 nm and is blue shifted by ~6 nm from the re- 
 
 
 

 
 

Figure 1. Emission spectra of C153 in (a) water (λex = 
375–435 nm), (b, c) NaDC (105 mM, λex = 375 nm, solid 
line). (c) Splitted spectrum (dotted line) of C153 in NaDC 
(λex = 375 nm) for the buried and exposed region. Ratio 
of the areas of emission spectra in polar region to that in 
non-polar is indicated (A denotes area under curve with 
emission maxima mentioned as subscript). 

ported9 absorption maximum of C153 in water. The 
emission spectrum of C153 in NaDC is found to be 
much broader than that in water and shows a peak at 
 
 

 
 

Figure 2. Emission spectra of C153 in 105 mM NaDC 
at (a) λex = 375 nm (i), 405 nm (ii) and 435 nm (iii). (b, 
c) Splitted spectrum of C153 in 105 mM NaDC (dotted 
line) at λex = 405 nm (b) and 435 nm (c), solid lines show 
the experimental spectra. Ratios of the areas of emission 
spectra in polar region to that in non-polar are indicated 
(A denotes area under curve with emission maxima men-
tioned as subscript). 
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~520 nm and a prominent shoulder at ~480 nm (figure 
1b, 2a). With increase in λex from 375 to 435 nm, 
the shape of the emission spectrum of C153 in 
NaDC changes markedly and displays a sharp de-
crease in the intensity of the shoulder region (figure 
2a). The broadness of the emission spectrum and the 
λex dependence suggest presence of multiple loca-
tions of C153 inside the NaDC aggregate. The emis-
sion spectrum of C153 in NaDC may be resolved as 
a superposition of two spectra one with maximum at 
480 nm and another with maximum ~530 nm (figures 
1c and 2b–c). In summary, in the NaDC aggregate 
C153 molecules are distributed in two locations with 
distinctly different emission maximum (480 and 
530 nm). From the reported emission maxima of 
C153 in different solvents9 the 480 nm emission 
peak corresponds to a relatively non-polar hydro-
phobic location whose polarity is intermediate be-
tween cyclohexane and ethyl acetate. The 530 nm 
emission peak of C153 may arise from a polar and 
hydrophilic region which is similar to ethanol. The 
relative intensity (area) of the two emission spectra 
(A480/A530) decreases from 3⋅5 at λex = 375 nm to 0.6 
at λex = 435 nm. It is obvious that with increase in 
λex contribution of the polar (exposed) region (maxi-
mum at 530 nm) increases with a concomitant 
decrease in the contribution of the non-polar (bur-
ied) region (peak at 480 nm). 
 The absorption maximum of rhodamine 6G (R6G) 
in NaDC is observed to be at 537 nm. This is red 
shifted by 11 nm from that of R6G in water.8a The 
emission maximum (567 nm) of R6G in bile salt ag-
gregate is found to be red shifted from that (550 nm) 
in water. The emission maximum of R6G in 
105 mM does not display any λex dependence. This 
indicates that the cationic dye (R6G) is predomi-
nantly localized in the polar and exposed site of 
NaDC. 

3.2 λex dependence of spectral overlap and FRET 

from C153 to R6G  

Addition of the acceptor (R6G) to a solution of 
C153 in 105 mM NaDC causes a marked decrease in 
the emission intensity of the donor (figure 3) be-
cause of FRET from C153 to R6G. Interestingly, as 
shown in figure 3, the extent of quenching of the 
donor emission depends on λex. It is observed that 
the extent of quenching of donor emission (i.e. 
FRET) is maximum for a long λex (435 nm, figure 
3c) and minimum for a short λex (375 nm, figure 3a). 

This may be explained as follows. As noted earlier, 
the donor (C153) is distributed over the polar and 
non-polar site while the R6G is preferentially local- 
 
 
 

 
 
Figure 3. Emission spectra of C153 (40 μM) in 105 mM 
NaDC in the absence (i) and presence (ii) of 40 μM R6G 
at λex = 375 (a), 405 (b) and 435 nm (c); while (iii) in 
each case denotes the emission spectrum of R6G (40 μM) 
in 105 mM NaDC. 
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Table 1. Energy transfer parameters for C153-R6G pair in 105 mM NaDC. 

J(λ)* (M–1cm–1nm4) R0 (Å) Steady state efficiency of FRET (ε
s
*) 

 

Peak 1 (buried) Peak 2 (exposed) Peak 1 (buried) Peak 2 (exposed) Peak 1 Peak 2 
 

1⋅9 × 1015 3⋅9 × 1015 50 ± 1 56 ± 1 0⋅15 0⋅60 

*± 10% 
 
 

 
 

Figure 4. Spectral overlap of donor (C153) emission 
(solid line) with acceptor R6g absorption (dotted line) in 
105 mM NaDC for the buried (a) and the exposed (b) re-
gion (donor emission obtained from the spectral split-
ting). 
 
 

 
 

Figure 5. Picosecond fluorescence transient (λem = 
465 nm) of 40 μM C153 (donor) in 105 mM NaDC in the 
absence (i) and in the presence (ii) of 40 μM R6G 
(λex = 405 nm). 
 
 
 
ized in the polar site. A long λex (435 nm) selects the 
polar site where the donor and the acceptor are close 
to each other and hence, displays very efficient 
FRET. For a short λex (375 nm) donors in the non-
polar region are excited which are far from the ac-
ceptor and hence, efficiency of FRET diminishes. 

Table 2. Femtosecond decay parameters of R6G 
(40 μM, λem = 570 nm) in the absence of C153 at differ-
ent λex. 

Medium λex (nm) τ1* (a1) (ps) τ2* (a2) (ps) 
 

NaDC (105 mM) 375 – 6900 (1⋅00) 
 405 – 6500 (1⋅00) 
 435 100 (0⋅13) 6800 (0⋅87) 

*± 10% 
 
 
 In order to understand the λex dependence of 
FRET we studied the spectral overlap of the accep-
tor absorption with the donor emission for the buried 
and the exposed regions. Figure 4 shows the spectral 
overlap in these two cases. The efficiency (εs) of 
FRET was calculated from the steady state emission 
intensities. If IDA and ID, denote the emission inten-
sity of the donor in the presence and absence of the 
acceptor, the efficiency of FRET is given by, 
εs = 1 – (IDA/ID).8a,10 
 The efficiency of FRET (εs), overlap integral 
(J(λ)) and the Forster distance (R0) for the two sites 
of the donor at different λex are summarized in table 
1. It is readily seen that the efficiency of FRET for 
the buried region (donor emission maximum 
~480 nm) is much lower than that for the exposed 
region (donor emission maximum ~530 nm). For in-
stance, at λex = 375 nm the efficiency for the buried 
region (0⋅15) is about 4 times smaller than that (0⋅6) 
for the exposed site. With increase in λex, the rela-
tive contribution of the exposed site increases (fig-
ures 1 and 2) and this causes an increase in the 
efficiency of FRET. 

3.3 Time resolved studies of FRET from C153 to 

R6G in bile salt aggregate 

3.3a Picosecond studies of donor decay: FRET is 
commonly monitored by shortening of the donor life 
time.10 Figure 5 shows picosecond fluorescence de-
cays of the donor (C153) at 465 nm in 105 mM 
NaDC in the absence and presence of acceptor
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Table 3. Excitation wavelength (λex) dependence of rise of acceptor (40 μM 
R6G) in the presence of 40 μM donor (C153) in 105 mM NaDC at 
λem = 570 nm. 

λex (nm) τ1* (a1) (ps) τ2* (a2) (ps) τ3* (a3) (ps) 
 

375 4 (–0⋅10, 3%) 3700 (–3⋅06, 97%) 7000 (4⋅16) 
405  4 (–0⋅12, 13%) 3700 (–0⋅83, 87%) 7000 (1⋅95) 
435  4 (–0⋅13, 40%) 3700 (–0⋅20, 60%) 7000 (1⋅33) 

* 
± 10% 

 

 
 

Figure 6. Picosecond fluorescence decays of acceptor 
R6G (at λem = 570 nm) in 105 mM NaDC in the presence of 
donor (C153) for (i) λex = 375 nm and (ii) λex = 435 nm. 
 
(R6G) at λex = 405 nm. It is readily seen that in 
105 mM NaDC, addition of the acceptor (R6G) does 
not affect the average decay time of C153. This re-
sult which is in apparent contradiction with steady 
state emission intensities may be explained as fol-
lows. The fluorescence decay is dominated by the 
unquenched (non-FRET) donors in a bile salt aggre-
gate with no acceptor.6,8a,12 The life time of the do-
nor molecules which have an acceptor in the 
immediate vicinity in the same micelle is often  
too short to measure using a picosecond set up. 
Thus, the picosecond study of the donor lifetime in-
completely describes FRET from C153 to R6G in 
NaDC. 
 

3.3b Picosecond studies of acceptor fluorescence: 

In order to determine the ultrafast components of 
FRET we studied the rise time of the acceptor (R6G) 
emission.6,8a According to Tachiya13a,b the rise of the 
acceptor emission is given by –exp[–n(1 – exp(–
kFRET qt)] where n is the average number of acceptor 
per micelle. For times shorter than 1/kFRET < 1, the 
initial ultrafast rise is given by –exp(–kFRETt) (since 
in this case n ~ 1). 
 The fluorescence transients of the acceptor (R6G) 
were studied at an emission wavelength (λem) 

570 nm where the contribution of the quenched do-
nor emission is negligible. In 105 mM NaDC, accep-
tor (R6G) shows a single exponential decay (λem = 
570 nm) with no rise components in the absence of 
the donor (C153) (figure 6, table 2). In the presence 
of the donor, in NaDC, the picosecond transient of 
the acceptor (R6G) at 570 nm shows a rise time of 
3700 ps (figure 6 and table 3). 

3.3c Femtosecond study of the acceptor transients: 
For the detection of the ultrafast components of 
FRET, we used a femtosecond up-conversion set up. 
In the absence of the donor no rise component is ob-
served in the acceptor emission (figure 7, table 2). 

 
 

Figure 7. Picosecond (a) and femtosecond (b) fluores-
cence transient (λem = 570 nm) of 40 μM R6G in 105 mM 
NaDC in the absence of C153 (donor) (λex = 405 nm). 
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 Using the femtosecond set up, we detected both 
ultrafast rise time of the acceptor emission (figure 8) 
and an ultrafast decay component of the donor emis-
sion in the presence of the acceptor. Shortening of 
donor life time and the appearance of growth in ac-
ceptor’s decay unambiguously confirms ultrafast 
FRET from donor (C153) to an acceptor (R6G) in 
NaDC. 
 Figure 8 shows the femtosecond rise of the accep-
tor (R6G) in the presence of donor (C153) at an 
emission wavelength of 570 nm in 105 mM NaDC 
solution at different λex. For all λex, we have de-
tected an ultrafast (4 ps) rise component of the ac-
ceptor emission (i.e. of FRET) in addition to 
3700 ps component (table 3). As shown in table 3, 
the relative contribution of the ultrafast rise compo-
nent increases markedly with increase in λex. With 
increase in excitation wavelength from 375 to 
435 nm, contribution of the 3700 ps rise time de-
creases from 97 to 60%, respectively (table 3). 

3.4 Donor–acceptor distances: λex dependence of 

FRET 

The donor–acceptor distances (RDA) corresponding to 
the FRET components (= 1/kFRET) 4 ps and 3700 ps 
were determined using equation (2) and the calcu-
lated values of R0. The 4 ps component corresponds 
to RDA = 17 Å which is close to the sum of the radii 
of the donor and the acceptor. The ionic acceptor re-
sides preferentially in the polar region. Thus the 4 ps 
component of FRET arises from FRET between the 
donor and the acceptor, both in the polar region. 
Obviously, with increase in λex, contribution of the 
donors in the polar region increases. As a result, 
with increase in λex, contribution of the 4 ps compo- 
 
 

 
 

Figure 8. Femtosecond fluorescence transients of R6G 
(at λem = 570 nm) in 105 mM NaDC in the presence of 
donor (C153) for (a) λex = 375 nm and (b) λex = 435 nm. 

nent increases from 3% at λex = 375 nm to 40% at 
λex = 435 nm (table 3). 
 The 3700 ps component of FRET corresponds to 
RDA = 48 Å. Thus it arises from donor which are re-
siding in the non-polar region far from the ionic ac-
ceptor. With increase in λex, contribution of the non-
polar region decreases and hence, contribution of the 
3700 ps component decreases from 97% at λex = 
375 nm to 60% at λex = 435 nm (table 3). 
 The donor molecules diffuse over a distance 
(2DtτFRET)1/2 in the timescale of FRET (τFRET). For 
organic molecules in a micelle the translational dif-
fusion Dt is of the order 0⋅5–50 Å2/ns.14–16 For 105 mM 
NaDC aggregate the ultrafast component of FRET: 
4 ps and the long 3700 ps component correspond to 
diffusion lengths of 1⋅3 Å and 38⋅5 Å, respectively. 
Obviously, diffusion of donors in the 4 ps time scale 
of FRET is smaller than molecular dimensions. 
However, for the 3700 ps component one can not 
neglect diffusion of donors. 

3.5 Excitation wavelength (λex) dependence of  

anisotropy decay of C153 

In bulk water, the time constant of fluorescence ani-
sotropy decay of C153 is ~100 ps.11 The fluores- 
 
 

 
 

Figure 9. Fluorescence anisotropy decay of C153 in 
105 mM NaDC at λex = 405 nm (λem = 465 nm) (O).The 
points denote the actual values of anisotropy and the solid 
lines denote the best fit to the experimental data. 
 
Table 4. Parameters of anisotropy decay of C153 in 
NaDC (105 mM) for λex = 405 nm. 

λem (nm) r0 τfast (ps) (afast) τslow (ps) (aslow) 
 

465 0⋅34 600 ± 50 (0⋅13) 4200 ± 200 (0⋅87) 
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cence anisotropy decay of C153 in bile salt aggre-
gate (at blue side of the peak, 465 nm, figure 9) is 
found to be much slower and is fitted to a biexpo-
nential function, 
 
 r(t) = r0[βexp(–t/τslow) + (1 – β)exp(–t/τfast)]. (8) 
 
The high value of initial anisotropy (r0 = 0⋅34) in 
bile salt aggregate (table 4) suggests that our pico-
second set up captures almost the entire rotational 
dynamics in this case. For λex = 405 nm, the anisot-
ropy decay of C153 in NaDC is described by two 
decay components of 600 ps (13%) and 4200 ps 
(87%) (figure 9, table 4). The anisotropy decay of 
C153 in NaDC does not show appreciable depend-
ence on λex. 

4. Conclusion 

This work demonstrates that the FRET in bile salt 
aggregate occurs on multiple time scale–4 and 
3700 ps. The 4 ps component is assigned to both do-
nor and acceptor residing at close proximity in the 
polar region (RDA = 17 Å). The 3700 ps component 
arises due to FRET from a donor in the non-polar 
region to an acceptor in the polar region (RDA = 
48 Å). It is further shown that with increase in λex, 
contribution of FRET from the donor in the polar 
region (4 ps component) increases and that due to 
donor in the non-polar region (3700 ps component) 
decreases. 
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