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Abstract
Steady state and time resolved fluorescence along with anisotropy and induced circular dichroism
(ICD) spectroscopy provide useful tools to observe and understand the behavior of the
therapeutically important plant flavonoids fisetin and daidzein in γ-cyclodextrin (γ-CDx)
nanocavity. Benesi-Hildebrand plots indicated 1:1 stoichiometry for both the supramolecular
complexes. However the mode of the binding of fisetin significantly differs from daidzein in γ-
CDx, as is observed from ICD spectra which is further confirmed by docking studies. The
interaction with γ-CDx proceeds mainly by the phenyl rings and partly by the chromone ring of
fisetin whereas only the phenyl rings takes part for daidzein. A linear increase in the aqueous
solubility of the flavonoids is assessed from the increase in the binding of flavonoids with γ-CDx
cavity, which are determined by gradual increase in the ICD signal, fluorescence emission as well
as increase in fluorescence anisotropy with increasing [γ-CDx]. This confirms the γ-CDx as a
nanovehicle for flavonoids fisetin and daidzein in improving their bioavailability.
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Introduction
Various bioactive flavonoids [1,2] have come into prominence as alternative therapeutic
drugs in the past few decades, due to their important therapeutic activities with high potency
and low systemic toxicity, which is marked by an explosive growth of research in this area
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[1–10]. Many recent studies, both in vivo and in vitro, have established that flavonoids are
powerful antioxidants effective against a wide range of free radical mediated and other
diseases including various types of cancers, tumors, diabetes mellitus, atherosclerosis,
ischemia, neuronal degeneration, cardiovascular ailments, and AIDS [3–8]. The flavonol
fisetin (3,3′,4′,7-tetrahydroxyflavone, Scheme 1) is a flavonoid present in a number of
commonly eaten foods, such as strawberries, vegetables, nuts and wine [9], and has been
reported to protect nerve cells from oxidative stress-induced death [10] and promote the
differentiation of nerve cells [11]. Fisetin is also found to inhibit Aβ fibril formation in vitro
[12,13]. In vivo, fisetin has recently been shown to possess interesting anticancer activity in
lung carcinoma [14], prostate tumours [15], and human embryonal carcinoma [16] in mice.
Another flavonoid of contemporary interest is the isoflavone daidzein (7-hydroxy-3(-4′-
hydroxy-phenyl)-chromen-4-one, Scheme 1), commonly found in legumes.17 daidzein has a
wide spectrum of physiological and pharmacological functions including antiestrogenic [18,
19], anticancer [20, 21], anti-inflammatory [22], cardioprotective [23] and enzyme-
inhibitory effects [18, 19]. Another important and interesting feature of fisetin and other
structurally related flavonoids, is their dual fluorescence behavior [7,24–26], which shows
remarkable sensitivity to the surrounding microenvironment serving as exquisitely sensitive
fluorescent molecular probes. Despite the vast importance of the bioflavonoids as
therapeutic drugs for the treatment of cancer and other diseases, their administration in vivo
remains problematic partly due to their poor water solubility [27–30]. Encapsulation of the
drugs into polymer-based nanoparticles appears to markedly help the oral delivery of
flavonoids in three ways: 1. By increasing solubility, 2. by protecting the drug from
degradation in the gastrointestinal tract, and 3. by virtue of their unique absorption
mechanism through the lymphatic system and first-pass metabolism in the liver [30]. Hence,
to improve the solubility of fisetin and daidzein, thereby improving their in vivo
administration, we chose γ-cyclodextrin [28, 30] as a suitable molecular carrier to achieve a
better bioavailability.

Cyclodextrins are capable of enhancing the solubility, dissolution rate and membrane
permeability [28,29] of such drugs. Cyclodextrins (CDxs) are cyclic oligosachharides which
consist of (1,4)-linked α-D-glucopyranose units and are produced by enzymatic degradation
of starch by cyclodextrin glycosyltransferase (CGTase) [31,32]. The properties of the natural
cyclodextrins (CDxs), their complexes and derivatives seem to be surprising because the 7-
membered β-CDx (with cavity diameter 0.6–0.66 nm) is the least soluble (at 25 °C solubility
in water is 18.5 mg/cm3), the 6-membered α-CDx (0.47–0.53 nm) is more soluble
(solubility in water is 130 mg/cm3), and the 8-membered γ-CDx (0.75–0.83) (Scheme 2)
attains the highest solubility (solubility in water is 300 mg/cm3) [31, 32]. The aim of the
present study is therefore to characterize γ–CDx as the nano vehicle of fisetin and daidzein
that could be suitable for parenteral administration.

Materials and methods
Experimental

Fisetin, daidzein and γ-cyclodextrin are purchased from Sigma-Aldrich Chemical Company
and used as obtained. The solvents used are of spectroscopic grade and checked for any
absorbing and/ or fluorescent impurities. The final concentration of fisetin and daidzein are
kept in the order of 10−6 M and methanol/ethanol concentrations are below 1% v/v. Stock γ-
CDx solutions are prepared by dissolving requisite amount of cyclodextrin powder in
deionized water. To prepare each solution for spectroscopic measurements requisite amounts
of flavonoids from concentrated ethanolic stock solution are added in cyclodextrin solutions
and mixed with gentle shaking for a few minutes.
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Spectroscopic Measurements
Steady state absorption spectra are recorded with Shimadzu UV2550 spectrophotometer
with Peltier temperature controller. Steady state fluorescence measurements are carried out
with Shimadzu RF5301 and Varian Cary-Eclipse spectrofluorometers. Steady state
fluorescence anisotropy (r) values are calculated using the expression

where IVV and IVH are the vertically and horizontally polarized components of the flavonoid
emission after excitation by vertically polarized light at the respective wavelength. G is the
sensitivity factor of the detection systems [33]. Time resolved fluorescence decay
measurements are performed using Jobin–Yvon nanosecond time correlated single photon
counting (TCSPC) setup. As excitation source a 340 nm nano LED having pulse FWHM ~
950 ps and a 375 nm laser diode having pulse FWHM ~ 170 ps are used. An emission
monochromator is used to block scattered light and isolate the emission. Data analyses are
performed using DAS6 Fluorescence Decay Analysis Software, provided with the TCSPC

instrument and are fitted with a multi exponential decay function, or 
where ai and τi represent the amplitudes and decay times respectively of the individual
components for multi-exponential decay profiles. The goodness of fit is estimated by using

reduced χ2 (namely ) values as well as Durbin–Watson parameters (DW). A fit is

considered acceptable for a given set of observed data and chosen function, when the 
value is in the range 0.8–1.2 and the DW value is greater than 1.7, 1.75 and 1.8 for a single,
double and triple exponential fit respectively [33]. Average lifetime is calculated using the

equation,  where ai and τi represent the amplitude and decay time respectively of
the individual components for multi-exponential decay profiles. Circular dichroism spectra
are acquired with Biologic Science Instruments (France) spectropolarimeter, using a
rectangular cuvette with 1 cm path length. The scan rate is 60–100 nm/min, and three/five
consecutive spectra are averaged to produce the final spectrum. All spectral measurements
are performed at ambient temperature. The highest concentration of γ-CDx for fluorescence
decay, anisotropy (steady state), and circular dichroism experiments are kept at ~20 mM in
order to avoid scattering and artifacts.

Theoretical study
Docking study—To identify the possible modes of fisetin and daidzein binding with γ-
cyclodextrin, docking studies have been performed with Lamarkian genetic algorithm
implemented in AutoDock (version 4.0) [34,35]. The initial structures of fisetin and daidzein
are built using HYPERCHEM 7.5 [36] molecular builder and optimized using PM3 method
to RMS convergence of 0.01 kcal/Å.mol with Polak-Ribiere conjugate gradient algorithm.
The γ-CDx structure is obtained from the crystal structure of a γ-CDx complex available in
Protein Data Bank (PDB ID-2ZYK). γ-CDx structure is also optimized by semi empirical
method (PM3) to RMS convergence of 0.01 kcal/Å.mol with Polak-Ribiere conjugate
gradient algorithm and used as a starting structure in the docking study. Non-polar
hydrogens are merged and partial atomic charges are calculated using Gasteiger-Marsili
method. Rotatable bonds are also assigned for both fisetin and daidzein. The grid maps are
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calculated using AutoGrid. The grid box is set to 40 × 40 × 40 point cubic box with a grid
spacing 0.375 A centered on γ-CDx. The grid box is chosen to be significantly large to
include not only the cavity portion but also to cover the entire cyclodextrin surface. 250
docking runs are carried out and for each run, a maximum of 2,500,000 GA operations are
performed on a single population of 150 individuals. The weights for crossover, mutation
and elitism are default parameters (0.8, 0.02 and 1 respectively). Parameters used for the
docking herein, have been successfully applied in previous studies on the inclusion of other
flavonoids and hydrophobic molecules of related interests within cyclodextrin cavity [37–
39].

Results and observations
Steady State Fluorescence Spectroscopy

Figures 1A and B present the fluorescence emission and excitation spectra and figure 1C
presents the absorption spectra of fisetin with increasing concentration of γ-cyclodextrin. It
is evident that addition of γ-cyclodextrin induces dramatic changes in the emission behavior
of fisetin. In aqueous medium, the fluorescence spectra of fisetin exhibits strong overlap
between the normal and tautomer emission bands [24]. With the addition of the γ-
cyclodextrin, dual fluorescence behavior is observed. The emission spectra of fisetin consist
of two color’ fluorescence bands, namely a yellow-green emission band along with a high
energy band in the blue-violet region. The blue-violet fluorescence is assigned to the S1 (π
π*)→S0 normal (non-proton transferred) emission, the large Stokes shifted green
fluorescence is attributed to emission from a tautomer species generated by an excited state
intramolecular proton transfer (ESPT) process occurring along the internal H-bond
(C(4)=O---HO–C(3)) of the molecule (Scheme 1) [24]. The “blue-violet” and “yellow-
green” fluorescence emissions occur from N* and T* species respectively (Scheme 1). The
intensity ratio of tautomer : normal fluorescence (IT / IN) increases rapidly with increasing
CDx concentration (shown in Fig. 1A inset), until [CDx] ~20 mM beyond which it tends to
level off. These observations can be rationalized in terms of interference with the internal H-
bond of fisetin which permits the ESPT process. It is noteworthy that the emission profiles
of fisetin recorded in the cyclodextrin environment resemble the situation in aprotic
environment where dual emission behavior is prominent [40] (Figures 1A and 1S).
Moreover, this is consistent with the spectral characteristics of the excitation profile
(monitored for the PT fluorescence) which reveals a weak but clearly perceptible vibrational
shoulder (Figure 1B) [40] typical of a predominantly aprotic environment. The absorption
spectrum of fisetin after binding with γ-CDx does not show any change in peak position
indicating that no additional species of fisetin is generated. The enhanced tautomer emission
as well as the strongly red shifted (~22 nm for tautomer from 0 to 50 mM γ-CDx)
fluorescence band, indicate that the guest (fisetin) molecules experience relatively aprotic
environments, in the CDx microenvironment (see Table 1, Figure 1). The emission behavior
of fisetin inside the γ-CDx cavity closely resemble that in EtOH-water mixture and aprotic
solvent systems [41] at lower and higher concentrations of γ-CDx respectively (Figures 1
and 1S), which agrees well with the literature data [32,42].

Figure 2S and Table 1 reveals the behavior of 10 μM daidzein in γ-CDx. Interestingly,
unlike fisetin, daidzein being an isoflavone, does not have an HO–C(3) (see Scheme 1)
hydroxyl group, which precludes any internal hydrogen bond and ESPT. Upon incorporation
in CDx, the fluorescence intensity of daidzein increases with increasing [γ-CDx] as is
shown in Figure 2SA and inset. However the excitation (Figure 2S B) and absorption spectra
(Figure 2S C) indicate the absence of any newly generated species of daidzein in CDx upon
forming the supramolecular complex.
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Steady state fluorescence anisotropy
Fluorescence anisotropy (r) serves as a sensitive indicator for monitoring fluorophore
binding to motionally constrained regions of matrix [33]. Steady state fluorescence
anisotropy for both fisetin (for ESPT tautomer species, Scheme 1) and daidzein (see Table
1) show dramatic enhancements on gradual addition of γ-CDx [Figure 2, solid and dashed
lines indicating fisetin and daidzein respectively], suggesting that the fisein and daidzein
molecules are confined in the motionally constrained nanocavities of CDx where rotational
diffusions are reduced. Progressive increase in the anisotropy (in free solution r′ is very
low) [28] of the fluorophore emission is observed which is consistent with the picture that
more and more flavonoid molecules are occurring in γ-CDx bound states. This restriction of
motion of the flavonoids in CDx nanocavity induces an increase in the solubility of the
flavonoids (fisetin and daidzein) in aqueous environment because CDx is prepared in
aqueous solution. Hence it can be inferred that restricted motions of flavonoids (as is evident
from increased fluorescence anisotropy) in γ-CDx matrix, indirectly helps the dissolution of
flavonoids in aqueous system, thereby making them more bioavailable. Although the overall
anisotropy of daidzein and fisetin do not differ significantly in 20 mM γ-CDx, but the mode
of increase of r′ with gradual increase in [CDx] differs, suggesting that the binding modes of
flavonol fisetin and isoflavone daidzein are different.

Fluorescence decay analysis by TCSPC studies
Time-resolved fluorescence decay studies provide useful information for the understanding
of the photophysical processes of a fluorescent probe in the excited state. These are
performed to examine how confinement in the γ-CDx cavities influences the fluorescence
decay profiles of the flavonoids when compared to the free state in aqueous systems. The
normal species along with the ESPT tautomer emission decay kinetics of fisetin and
daidzein (normal species only) are studied in aqueous and γ-CDx systems. The results are
presented in Table 2, Figure 3 for fisetin and Table 3, Figure 4 for daidzein. The
fluorescence intensity decay of fisetin ESPT tautomer species in absence of γ-CDx can be
fitted by a double exponential function with an average decay (τ̄) of 0.7 ns which is in
agreement with a recent report [4]. Upon inclusion into γ-CDx, there is a dramatic change in
the decay kinetics of fisetin tautomer species. In γ-CDx, three discrete decay components
are observed, which can be attributed to the different extent of inter molecular H-bond of
fisetin with the matrix. τ̄ increases by five times in 10 mM γ-CDx (4.99 ns) and 20 mM γ-
CDx (5.55 ns) environments. Furthermore, τ̄ increases (~ 11%) with increase in γ-CDx
concentration from 10 mM to 20 mM (Table 2), with significant increase in decay time of all
decay components. However the changes in τ̄ and population distribution of the normal
species of fisetin in γ-CDx are less significant in γ-CDx matrix as is shown in Figure 3 and
Table 2. The nonexponential decay in presence of high concentration of γ-CDx indicates
heterogeneity in the micro-environments of fisetin in the γ-CDx nanocavity. It is pertinent
to mention that the microenvironment near the edge of the cyclodextrin cavity resembles the
properties of a binary aqueous solvent (e.g. EtOH : water) [32] while the interior of the γ-
CDx cavity is similar in polarity to oxygenated solvents such as dioxane, isopropyl ether,
and ethylene glycol [42] which agrees well with Figure 1S. The multiple decay components
observed for the tautomer species of fisetin is likely to arise from populations differing in
the extent of H-bonding within the microenvironment of γ-CDx. Furthermore, we note that
for the ESPT tautomer species of fisetin, the individual decay component of the cyclodextrin
encapsulated fisetin molecules have significantly higher decay time compared to those
observed in water (Table 2) indicating that the fisetin molecules experience relatively
hydrophobic microenvironments within the γ-CDx cavities where non-radiative decay
processes are reduced [43]. This is also reflected in the spectacular increase in emission
yield upon addition of the γ-CDx (see Figure 1 and inset).
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In case of daidzein dissolved in water the decay profile can be fitted to a mono-exponential
decay function with decay time 1.32 ns. This readily changes to a bi-exponential decay
function with a significant increase in τ̄ (~60% from water to 20 mM γ-CDx) upon addition
of γ-CDx indicating the emission arises from populations differing in the extent of H-
bonding with the microenvironment that we have discussed before. τ̄ increases (τ̄~ 1.3 ns in
water, and ~ 2 ns in γ-CDx) upon inclusion in γ-CDx matrix. Population of faster decay
component decreases (τ̄~ 1.3 ns, 100% in water, 68% in 10 mM and 41% in 20 mM γ-CDx)
from water with increasing [CDx] whereas the reverse is observed for the slower component
(~ 2.5 ns, nil in water, 32% in 10 mM and 59% in 20 mM γ-CDx). The faster component
arises from daidzein in aqueous medium whereas the slower decay component appears from
daidzein encapsulated inside aprotic γ-CDx nano-cavity where solvent molecules mediated
perturbations and non-radiative transitions are largely diminished, giving rise to higher
emission and slow decay time (Figures 2S and 4, Table 3). It is pertinent to mention here
that the extent of increase of fluorescence lifetime is not same for both the flavonoids
because their inherent fluoresecence properties are different [7,17].

Induced circular dichroism (ICD) spectroscopic study
To further characterize the fisetin-γ-CDx and daidzein-γ-CDx inclusion complexes, circular
dichroism (CD) spectroscopic studies have been performed. When an intrinsically optically
inactive molecule binds to a chiral host, the asymmetric environment of the host induces
optical activity in the guest molecule. This results in appearance of induced circular
dichroism (ICD) bands in the absorption region of the guest [44]. Occurrence of ICD bands
therefore provides a sensitive spectroscopic characterization of such host–guest interactions.
Fisetin and daidzein being achiral in nature do not show any CD bands in solvent media
(e.g. water or aqueous methanol). Interestingly on addition of γ-CDx, pronounced ICD
bands appear in the far and near UV region (Figures 5 A and B) indicating complex
formation of the fisetin and daidzein with γ-CDx molecules. The observation of ICD signals
in this region, corresponding to the electronic transitions, indicates that the fisetin and
daidzein molecules experience strong interactions with the chiral skeleton of the γ-CDx
nanocavity. The increase in ICD signal for fisetin at 390 nm is more profound than daidzein
at 340 nm, which support the interpretation from fluorescence anisotropy regarding their
difference in mode of binding in γ-CDx nanocavity. The strong and most significant ICD
signals at ~ 250 and ~ 390 nm, are attributed to the A–C and B–C rings respectively for
daidezein and fisetin [45]. It is pertinent to mention that these wavelengths mostly
correspond to their respective absorption and fluorescence excitation spectra (Figures 1 and
2S). Rings A, B, C take part in binding fisetin with CDx. It is likely that binding occurs
primarily through the phenyl ring B with two–OH and ring A with one –OH groups and
partly through the chromone ring C (because it takes part in forming the ESPT species, see
Scheme 1). On the other hand, despite the free –C=O in ring C of daidzein (no ESPT), the
steric congestion arising from the ring B at the C-3 position of daidezein, makes the single –
OH groups of phenyl ring B and A to interact with CDx cavity.

Measurements of binding parameters
Since the value of the binding constant gives an idea about the strength of the binding
interaction and highlights the mode of binding, we have exploited the circular dichroism
titration data and the modified Benesi-Hildebrand equation [46] as follows to determine the
binding constant (Figure 6) between fisetin and γ-CDx.

(2)
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Here Δθ = θx − θ0 and θx, θ0 represent the ellipticity of fisetin at 390 nm and daidzein at
250 nm in the presence and absence of total added γ-CDx concentrations, respectively.
Δθmax is the maximum change in the ellipticity at 390 nm and 250 nm for fisetin and
daidzein respectively and Ka is the association constant for the 1:1 complex. A plot of 1/Δθ
against [γ-CDx] −1 gives a straight line justifying the validity of the above equation and
hence confirming one-to-one interaction between the flavonoids and the cyclodextrin. The
association constants for the fisetin-γ-CDx and daidzein-γ-CDx complexes are found to be
1.46 (± 0.36) x 103 M−1 and 3.81( ± 0.71) x 102 M−1, which are obtained from the slope of
the best fit straight lines in the plots, where cyclodextrin concentration is taken on molar
scale [Figure 6 A, B]. The higher Ka value of fisetin compared to daidzein justifies the
interpretation from ICD results.

Molecular docking studies
In order to rationalize our experimental data and infer about the mode of inclusion, we
performed molecular docking studies of fisetin and daidzein with γ-CDx by using
AutoDock. The lowest energy docked complex of fisetin and daidzein within γ-CDx nano-
cavity reveals a contrasting mode of inclusion for the two flavonoids, shown in Fig. 7.

For the fisetin-γ-CDx inclusion complex, it is observed that the B-ring of fisetin is deeply
embedded into the cavity and face toward the primary hydroxyl group of the CDx cavity
(Figure 7). Consistent with the fluorescence results, the docking study also shows that the
chromone moiety of fisetin is readily incorporated into the relatively less polar cavity of γ-
CDx and facing the secondary hydroxyl rim of the γ-CDx cavity. Interestingly, the intra-
molecular hydrogen bonding, between C(3)-OH and C(4)=O group, of fisetin that is
responsible for the ESPT process is preserved within the γ-CDx cavity. This mode of
inclusion is further supported by the fact that CD spectroscopy reveals an induced CD (ICD)
band ~ 390 nm (see Figure 5) which corresponds to the absorption band I of flavonoids
attributed to the absorption from the B+C ring of flavonoids. In contrast to fisetin, daidzein
inclusion occurs mainly through A+C ring of the flavonoid and the B-ring is exposed to the
secondary hydroxyl rim of the γ-CDx cavity. Interestingly, ICD spectra reveal ICD bands ~
250 nm (see Figure 5) corresponding to the absorption band II which is attributed to the
absorption from the A+C ring of flavonoids [45]. Furthermore, the larger volume of the γ-
CDx cavity allows tilted orientation of the flavonoid molecular axis with respect to the
symmetry axis of the CDx cavity, which maximizes the hydrogen bonding possibilities. The
hydrogen bonding interactions are found to be important energetic factors that facilitate
formation of the inclusion complex along with van der Waals interactions. Fisetin forms
three hydrogen bonds with γ-CDx cavity. In particular, 3′-OH and 4′-OH groups of the B-
ring of fisetin (as H-bond donor) are involved in hydrogen bonding interactions with the OH
groups of the primary hydroxyl rim of γ-CDx while the 7-OH group (as H-bond donor)
forms hydrogen bond with the wider secondary hydroxyl rim of γ-CDx cavity. On the other
hand daidzein is involved in two hydrogen bonding interactions with γ-CDx: the 7-OH
group (as H-bond donor) forms hydrogen bond with the primary hydroxyl rim while the 4′-
OH group (as H-bond donor) is involved in hydrogen bonding interaction with the
secondary hydroxyl OH group of the γ-CDx. The γ-CDx cavity acts as the H-bond acceptor
for both the flavonoids. These differences in the number of possible hydrogen bonds account
for the observed higher binding affinity of fisetin with γ-CDx compared to daidzein.

Summary and Concluding Remarks
Complexation of molecules to cyclodextrin occurs through a non-covalent interaction
between the molecule and the CDx cavity. Dramatic changes are evident from the steady
state and time resolved fluorescence as well as circular dichroism spectroscopic studies of
fisetin and daidzein in CDx microenvironment when compared to that in water. However the
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mode of binding varies remarkably for these two different kinds of flavonoids as is depicted
through ICD, fluorescence anisotropy and docking studies. This binding is a dynamic
process whereby the guest molecule continuously associates and dissociates from the host
CDx. Establishing a biocompatible nanovehicle for increasing bioavailability of
therapeutically important two different kinds of therapeutically important dietary flavonoids,
mainly the flavonol fisetin and the isoflavone daidzein, was the key factor for undertaking
this study. Commercially CDs are well accepted because of their low systemic (oral, eye,
mucous) toxicity and easy availability, which confirms the importance of this investigation
on their binding modes through spectroscopic and docking studies. From our present
findings, γ-CDx appears to be an important carrier where structural variations in the guest
flavonoids result in different binding modes and affinities for the host cavity.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Fisetin/γ–cyclodextrin and daidzein/γ–cyclodextrin inclusion complexes were
prepared and contrasting binding modes were explored.

• Steady state spectroscopic analyses confirmed the supramolecular interaction of
complexes.

• 1:1 stoichiometry of the complexes of flavonoid-γ-CDx was determined from
ICD spectra.

• Increased fluorescence anisotropy and lifetime assures increased solubility of
the flavonoids.

• Molecular docking reveals hydrogen bonding primarily dictates the inclusion
complex formation.

Pahari et al. Page 11

J Photochem Photobiol B. Author manuscript; available in PMC 2014 January 05.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 1.
A: Fluorescence emission spectra (λex = 380 nm), B: Fluorescence excitation spectra (λem =
530 nm) and C: Absorption spectra of fisetin (~ 7.5 μM) in presence of increasing
concentrations of γ-cyclodextrin (0—, 1 ---, 5 –·–, 10 –··–, 20 –···–, 50 mM – – --). Ainset:
Variation of the ratio of the intensity of tautomer vs normal isomers of fisetin (IT at 530 /
IN at 470) with increasing [γ-cyclodextrin].
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Figure 2.
Variation of steady state fluorescence anisotropy (r) of fisetin (7.5 μM) ESPT tautomer
species (—, λex = 380 nm, λem = 580nm) and daidzein (10 μM, - - -, λex = 340 nm, λem =
470 nm) with γ-cyclodextrin concentration.
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Figure 3.
Fluorescence decay profiles for 7.5 μM fisetin normal (N) and ESPT tautomer (T) in 20 mM
γ-CDx environment. The residual functions are shown below for the respective
decays. T(λex = 375 nm, λem = 550 nm), N (λex = 375 nm, λem = 450 nm).
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Figure 4.
Single and bi-exponential fluorescence decay profiles for 10 μM daidzein in aqueous and 20
mM γ-CDx environments respectively. Residuals are shown below for the respective
decays. λex = 340 nm, λem = 470 nm.
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Figure 5.
Induced Circular Dichroism spectra of fisetin (20 μM, A) and daidzein (25 μM, B) with
increasing concentration of γ-cyclodextrin (0—, 1 ---, 5 –·–, 10 –··–, 15 –···–, 20 – – --mM).
B inset highlights the wavelength 300–400 region of figure B. The dotted line in B shows
free γ-CDx.
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Figure 6.
Double-reciprocal plots (best fit) using induced circular dichroism data for encapsulation of
fisetin (A) and daidzein (B) in γ-cyclodextrin.
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Fig 7.
Lowest energy docked complex of fisetin (A) and daidzein (B) with γ-CDx cavity. γ-CDx
is rendered in line representation while the flavonoids are rendered in stick representation.
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Scheme 1.
Structures of A. Fisetin, B: Daidzein molecules. C: Ground and excited (denoted by *) states
of normal (N) and tautomer (T) forms of a flavonol.
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Scheme 2.
Structures of A: γ-cyclodextrin and B: 3D representation of γ-cyclodextrin.
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