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Fluorescence enhancement of curcumin upon inclusion into parent
and modified cyclodextrins
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Abstract

The effect of�-, �-, and�-cyclodextrin (CD) and their hydroxypropylated (HP) derivatives on the solubility and fluorescence of the
compound curcumin has been studied. Curcumin, the main constituent of the Indian spice turmeric, is of growing interest due to its wide-
ranging pharmaceutical properties. All of these six cyclodextrins significantly increase the aqueous solubility of curcumin, with the greatest
solubility observed in HP-�-CD. Curcumin forms 2:1 host–guest inclusion complexes with these cyclodextrins, with the strongest complexes
formed in the case of HP-�-CD. These 2:1 complexes are postulated to form when a cyclodextrin host encapsulates each of the two phenyl
rings at the ends of the curcumin molecule. The equilibrium constant for encapsulation by the second cyclodextrin host is significantly smaller
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han that for the first in each case, probably a result of steric bulk of the first cyclodextrin, with deep inclusion of the curcumin m
indering encapsulation by the second cyclodextrin host. In fact, in the case of�-CD, a 1:1 host:guest model fit the data just as well, or b

han, the 2:1 model. In the case of�-CD and HP-�-CD, the initial 1:1 complex formed was found to belessfluorescent than the free curcum
his is postulated to be a result of inclusion of a folded curcumin molecule, which breaks the conjugation along the length of the mo
ence greatly reduces its fluorescence quantum yield.
2005 Elsevier B.V. All rights reserved.

eywords: Cyclodextrins; Curcumin; Fluorescence enhancement; Host–guest inclusion

. Introduction

Curcumin (1,7-bis(4-hydroxy-3-methoxyphenyl)-1,6-
eptadiene-3,5-dione)[1–7], shown inFig. 1a, is a fascinat-

ng molecule. It is the main constituent of the Indian spice
urmeric, and gives curry sauces their characteristic yellow
olour. It is a fluorescent molecule, with emission properties
ighly dependent on the polarity of its environment[8–10].
owever, the most intriguing aspect of this compound is that

t shows a wide array of pharmaceutical activity, including
otent antioxidant, anti-inflammatory, and anti-carcinogenic
roperties[1–7]. Unfortunately curcumin has an extremely

ow aqueous solubility, limiting its pharmaceutical use.
ne possible way to increase its aqueous solubility is to

orm inclusion complexes, i.e. to encapsulate curcumin as
guest within the internal cavity of a water-soluble host.

wo recent studies of the inclusion complexes of curcumin
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with the common host compounds cyclodextrins (C
have been reported[11,12]. Tang et al.[11] used absorptio
spectrophotometry to study the supramolecular host–
inclusion of curcumin into�-cyclodextrin, and reported
strong 2:1 host:guest complex with an apparent forma
constant of 5.53× 105 M−2. Tønnesen et al.[12] investigated
the inclusion of curcumin into the three common cyclod
trins, �-, �- and �-, as well as their hydroxypropylat
derivatives, using relative hydrolysis rates. In addition,
measured the solubility enhancement of the modified CD
curcumin in aqueous solution. However, they assumed
host:guest inclusion (which is not an obvious stoichiom
given the two identical phenyl groups at either end of
curcumin molecule which are available for binding),
only determined minimum and/or estimated associa
constants.

We recently reported fluorescence studies of the inclu
complexes of curcumin with another family of hosts, nam
the macrocyclic compounds cucurbit[n]uril (Qn) [13].
Strong 2:1 host:guest complexation was observed, w

010-6030/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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Fig. 1. Molecular structures of the guest and hosts: (a) curcumin (dike-
tone form); (b) curcumin (enol form); (c)�-cyclodextrin (R = H) or HP-�-
cyclodextrin (R = H or CH2CHOHCH3).

high enhancement of the curcumin fluorescence, however
only with cucurbit[6]uril (Q6), and not with the larger
cucurbit[7]uril (Q7), contrary to expectations. Furthermore,
2:1 inclusion was observed, which was postulated to be the
result of inclusion of both phenyl ends of the curcumin by
host molecules, similar to that reported for�-CD by Tang
et al. [11] but contrary to the 1:1 inclusion assumed by
Tønnesen et al.[12] for CD inclusion.

In light of the large observed dependence of binding effi-
ciency on cavity size in the case of the cucurbituril host, and
the inconsistency in the literature with respect to complex
stoichiometry, we decided to further investigate the effect of
cyclodextrin size on curcumin complexation. In this paper, we
use the highly sensitive fluorescence spectroscopic technique
to study the inclusion complexes of curcumin with parent and
hydroxypropylated�-, �-, and�-CD. This technique allows
for the accurate determination of host–guest stoichiometry
and association constants (which have only been reported
accurately in the case of�-CD [11]), as well as for the study
of the effect of cyclodextrins on the emission properties of

this very interesting fluorescent probe molecule (which has
not been previously investigated).

2. Experimental

2.1. Materials

The following compounds were obtained from the indi-
cated sources and used as received: curcumin,�-CD, �-
CD, HP-�-CD, HP-�-CD, and HP-�-CD were obtained from
Aldrich Chemical Co.;�-CD was obtained from Cerestar,
USA. In the case of the HP-substituted CDs, these com-
mercial products are heterogeneous, with a range of num-
ber of HP substituents and substitution pattern. On average,
the degree of substitution (in terms of the average number of
HP substituents per monomer unit) was 0.6, 1.0 and 0.6, for
HP-�-CD, HP-�-CD and HP-�-CD, respectively (the high-
est available in each case). Tests of the water content of the
cyclodextrins showed values ranging from 3.3 to 11.8% for
all of the cyclodextrins used (based on mass loss after heat-
ing for 4 h in a vacuum oven at 180◦C). The cyclodextrins
were not dried before use, however the calculated cyclodex-
trin concentrations were corrected using the determined water
content values.
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.2. Solution preparation

For solubility measurements, saturated solutions were
ared by adding an excess of curcumin to the appropria

ution, sonicating for 30 min, then allowing to equilibrate
he dark overnight. Reference solutions for the solubility
ulations containing exactly 2.00× 10−5 M curcumin were
repared in 10 mM HP-�-CD and HP-�-CD by weighing ou

he appropriate amount of both curcumin and the CD of in
st into a 10.00 mL volumetric flask, and filling to the m
ith distilled water.
For all fluorescence experiments, the appropriate am

f the CD of interest was weighed into a 5 mL glass v
hen dissolved by adding 3.00 mL of nanopure water. A
me of 30�L of a 1.00× 10−3 M curcumin stock solution i
ethanol was then added, giving a constant curcumin

entration of 1.00× 10−5 M in 1% methanol/water for all flu
rescence measurements. These solutions had an abso
f 0.36± 0.02 at 425 nm at all CD concentrations used.
olution was shaken, then transferred to a fluorescenc
ette for spectroscopic measurements.

.3. Fluorescence spectroscopy

All absorption and fluorescence measurements were
ormed on solutions in 1 cm2 quartz cuvettes at 22± 1◦C.
bsorption spectra were measured on a Cary 50 Bio UV
pectrophotometer. Fluorescence spectra were measu
Photon Technology International LS-100 luminesce

pectrometer, with excitation and emission monochrom



232 K.N. Baglole et al. / Journal of Photochemistry and Photobiology A: Chemistry 173 (2005) 230–237

Fig. 2. Absorption spectra of saturated solutions of curcumin in various
aqueous solutions: (1) no CD; (2) 10 mM�-CD; (3) 10 mM HP-�-CD; (4)
10 mM HP-�-CD.

bandpasses set at 3 nm and an excitation wavelength of
425 nm. The fluorescence enhancementF/F0 was determined
at each CD concentration as the ratio of the integrated flu-
orescence spectrum in the presence of the CD to that in its
absence. For each CD, at least three independent trials were
performed, with the results averaged at each [CD], and the
averaged results fit to the appropriate equations to extract as-
sociation constants (as described in Section3.3) using non-
linear least squares fitting procedures.

3. Results and discussion

3.1. Aqueous solubility enhancement

Tønnesen et al.[12] have reported the effect of modified
cyclodextrins on curcumin solubility, but did not report that
of the parent cyclodextrins. Thus, the effect of all six cy-
clodextrins (parent and hydroxypropylated) on the aqueous
solubility of curcumin was studied by preparing saturated
solutions of curcumin in 10 mM (the maximum�-CD sol-
ubility) cyclodextrin solutions. The increased solubility in
the presence of the cyclodextrins was monitored by mea-
suring the curcumin absorption spectrum of these solutions.
The spectra are shown inFig. 2, which shows two impor-
t lution
i indi-
c ffect
o ter).
S hich
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c e
o th of
4 trins
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i xtrin
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Table 1
Absorbance at 425 nm of saturated curcumin in 10 mM cyclodextrin
solutions

Solution A425

No CD <0.001
�-CD 0.092
HP-�-CD 0.12
�-CD 0.099
HP-�-CD 0.30
�-CD 0.070
HP-�-CD 0.47

the parent cyclodextrins,�-CD gives the largest solubility,
whereas in the case of the hydroxypropyl cyclodextrins, HP-
�-CD gives the largest solubility. This would suggest that
�-CD has the best match in cavity size to curcumin, and that
the�-CD cavity is too large. However, the hydroxypropyl side
chains in HP-�-CD must become involved in the inclusion
process, holding the curcumin in the large cavity.

In the case of HP-�-CD and HP-�-CD (which showed
the largest enhancement of solubility), these results were
quantified by preparing 2.00× 10−5 M reference curcumin
solutions in 10 mM solutions of each these two cyclodextrins,
and then using Beer’s Law and the absorbances of the satu-
rated and reference solutions to determine the concentration
of the saturated solutions. This procedure gave extinction
coefficients of 5800 and 3100 M−1 cm−1, and solubilities
of 5.2× 10−5 and 1.4× 10−4 M, for 10 mM HP-�-CD and
HP-�-CD solutions, respectively. The aqueous solubility of
curcumin has been reported to be <3× 10−8 M [12]; these
values thus represent increased solubilities of factors of at
least 1700 and 4700 for HP-�-CD and HP-�-CD, respec-
tively. These solubilities are consistent with those reported
by Tønnesen for hydroxypropylated cyclodextrins at higher
concentration: 1.15× 10−4, 1.22× 10−4 and 3.82× 10−4 M
for 83 mM HP-�-CD, 71 mM HP-�-CD and 63 mM HP-�-
CD, respectively[12]. It is interesting to note however the
significant difference in extinction coefficient of curcumin
i
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ant results. First, the absorbance of the saturated so
ncreases significantly in the presence of cyclodextrins,
ating an increase in solubility (assuming no significant e
f the cyclodextrins on the extinction coefficient – see la
econd, there is only a slight spectral shift observed, w

s consistent with previous results indicating a very sm
olvent polarity effect on the absorption (contrary to fluo
ence) spectrum of curcumin[8]. Table 1lists the absorbanc
f these solutions at the maximum absorption waveleng
25 nm. These results indicate that the modified cyclodex
re better at solubilizing curcumin than are the corresp

ng parents (consistent with previous reports on cyclode
nhancement of solubility[14,15]), and that in the case
n the HP-�-CD and HP-�-CD solutions: that in HP-�-CD
s nearly twice as large as that in HP-�-CD. This means tha
he increased solubility in HP-�-CD relative to HP-�-CD is
ven greater than that indicated by the increase in abso
pectrum illustrated inFig. 2. This difference in extinctio
oefficient in the two cyclodextrins will be further discus
ater.

.2. Fluorescence enhancement

All of the cyclodextrins studied had significant effects
he fluorescence spectrum of curcumin, both in terms of
osition and intensity. For example, the effect of various
entrations of HP-�-CD on the curcumin fluorescence sp
rum is shown inFig. 3. In this figure, a significant blue sh
nd very large enhancement of the curcumin fluoresc
ith increasing HP-�-CD concentration can clearly be o
erved.Table 2lists the observed wavelength of maxim
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Fig. 3. Fluorescence spectra of 1.00× 10−5 M curcumin in 1% methanol/
water in the presence of various amounts of HP-�-CD: (1) 0 mM; (2) 1 mM;
(3) 10 mM; (4) 30 mM.

emission of the spectrum,λF,max, as well as the enhancement,
F/F0, for all of the cyclodextrins studied, at 10 mM concen-
tration. For both the parent and modified CDs,�-CD gave a
larger enhancement than did�-CD, suggesting a better size
match of curcumin with�-CD. The large cavity in the case of
�-CD gave some very surprising results, however: in the case
of parent�-CD, a larger enhancement was observed than in
the case of�-CD, whereas in the case of the modified CDs,
HP-�-CD actually showed adecreasein fluorescence. Similar
trends can be seen in comparingλF,max: a continual blue-shift
is observed as the cavity size is increased and upon moving
from parent to modified CD, indicating that curcumin is ex-
periencing an increasingly less polar cavity upon inclusion
into this series of CDs. Again, the exception to this trend is
HP-�-CD, which showed thesmallestblue shift relative to
free curcumin. These trends, and the anomalous results for
HP-�-CD, will be further addressed in the next section.

As can be seen fromTable 2, HP-�-CD gives the strongest
enhancement, of a factor of 5.7 at 10 mM and a maximum
measured enhancement of a factor of 7.1 at 30 mM. This is
higher than the enhancement of 5.1 reported for 40 mM Q6,
but still is lower than the polarity sensitivity factor, PSF, of 39
measured for curcumin[13]. The PSF is the relative fluores-
cence of a probe in ethanol as compared to aqueous solution;

T
E ave-
l e
fl

C

N
�

H
�

H
�

H

thus curcumin included in the HP-�-CD cavity is experi-
encing a polarity significantly higher than that of ethanol.
This is in contrast to the case of the fluorescent probe 1,8-
ANS, which showed maximum enhancement upon inclusion
into HP-�-CD very similar to the measured PSF[16]. This
suggests that curcumin is not as completely included in the
HP-�-CD host than was the case with 1,8-ANS.

The fact that these experiments are done in 1% by vol-
ume methanol/water solution does allow for the possibility
that methanol is being co-included with curcumin in the cy-
clodextrin, giving a ternary complex. To test for this, the flu-
orescence of curcumin in 2 mM and 10 mM HP-�-CD so-
lutions was measured at three methanol concentrations: 1, 2
and 3%. There was no significant change in the curcumin flu-
orescence intensity as a function of methanol concentration
(the integrated intensity varied by less than 1% for both cy-
clodextrin concentrations), thus it can be concluded methanol
does not play a role in the complexation process.

3.3. Association constants

The fluorescence enhancementF/F0 measured as a func-
tion of host concentration can be used to obtain the asso-
ciation constant(s) for the host–guest inclusion process. In
the case of 1:1 host:guest inclusion, a single equilibrium is
involved, with association constantK:
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able 2
ffects of various cyclodextrins (10 mM) on the maximum emission w

ength (λF,max) and integrated intensity (F/F0, relative to no CD) of th
uorescence spectrum of 1.00× 10−5 M curcumin in 1% methanol/water

D λF,max (nm) F/Fo

one 543 1.0
-CD 524 2.1
P-�-CD 520 3.0
-CD 519 3.1
P-�-CD 511 5.7
-CD 509 3.5
P-�-CD 532 0.25
D + curcumin� CD:curcumin (1

= [CD:curcumin]/([CD][curcumin]) (2)

n this case, the dependence ofF/F0 on added host conce
ration, [CD]0, is given by the following equation[17,18]:

F

F0
= 1 +

(
F∞
F0

− 1

)
[CD]0K

1 + [CD]0K
(3)

hereF∞/F0 is the maximum enhancement, when all gu
re complexed within a host. If only 1:1 complexes

ormed, then the double-reciprocal plot of 1/(F/F0 − 1) ver-
us 1/[CD]0 will be linear; a non-linear double-reciprocal p

ndicates the presence of higher-order inclusion comple
Considering the elongated, symmetrical shape of

umin, 2:1 host:guest complexation in which each curcu
uest is complexed by a CD host at each end of the mole
s illustrated inFig. 4, would seem the most likely inclusio

ig. 4. The proposed structure of the 2:1 CD:curcumin inclusion com
ote that this is a cartoon depiction only, and that the relative size of curc
nd�-CD is indicated.
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Table 3
Results of the fit of theF/F0 data for 1.00× 10−5 M curcumin in 1% methanol/water in the six cyclodextrins to Eq.(7) for 2:1 complexation

CD Fa K1 (M−1) Fb K2 (M−1) K1K2 (M−2)

�-CD 1.7± 0.1 3300± 1200 10± 2 5.4± 1.3 18000
HP-�-CD 2.0± 0.1 12000± 3000 7.3± 1.1 28± 2 340000
�-CDa 3.6± 1.2 280± 120 8.9± 7.8 6.6± 5.2 1800
HP-�-CD 3.0± 0.8 3400± 1800 8.0± 0.7 120± 40 410000
�-CDb (0.0) (8000) (6.0) (140) (1100000)
HP-�-CD 0.21± 0.01 21000± 1200 0.72± 0.10 8.4± 2.2 180000

a �-CD data fit to 1:1 model:F/F0 = 4.5± 0.3;K = 170± 7 M−1.
b �-CD data fit to 2:1 model not completely satisfactory: see text andFig. 7b.

scenario. This complexation can be described by the follow-
ing stepwise mechanism, involving the initial formation of
the 1:1 host:guest complex as described above in Eq.(1), fol-
lowed by addition of a second host to give the 2:1 host:guest
complex CD2:curcumin:

CD + CD:curcumin� CD2:curcumin (4)

These two equilibria are described by the equilibrium con-
stantsK1 andK2:

K1 = [CD:curcumin]/([CD][curcumin]) (5)

K2 = [CD2:curcumin]/([CD][CD:curcumin]) (6)

with the overall equilibrium constantK for 2:1 complexation
equal to the productK1K2. The dependence ofF/F0 on [CD]0
for this complexation mechanism is given by[19]:

F

F0
= 1 + F1/F0K1[CD]0 + F2/F0K1K2[CD]20

(1 + K1[CD]0 + K1K2[CD]20)
(7)

whereF1/F0 andF2/F0 are the fluorescence enhancement of
the 1:1 and 2:1 complexes, respectively, relative to unbound
guest.

The fluorescence titration results (F/F0 versus [CD]) for
the six CDs were fit to Eq.(7)using a non-linear least squares
fitting program written in our lab; the results are summarized
i t
� for
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that case, this increased affinity for the second Q6 was postu-
lated to be a result of a change in the electronic properties of
the guest induced by encapsulation by the first Q6, resulting
in an increased host–guest interaction for the second host.

This reverse trend in the case of CDs could be the re-
sult of a significant difference in environments within these
two cavities (Q6 versus CD). The polarity of CD cavities
has been reported in terms of similarity to organic solvents;
such reports have ranged from similar to ethyl acetate[22]
to similar to ethanol[23–25]. Unfortunately, there has been
no report of a quantitative determination of the polarity of

Fig. 5. The fluorescence enhancement,F/F0, of 1.00× 10−5 M curcumin
in 1% methanol/water as a function of (a) HP-�-CD and (b)�-CD concen-
tration. The insets show the non-linear double reciprocal plots. The solid
lines show the fits of the data to Eq.(7) (2:1 complex model), using the fit
parameters listed inTable 1.
n Table 3, and illustrated inFigs. 5–7for modified and paren
-CD, �-CD, and�-CD, respectively. In all cases except
-CD, non-linear double reciprocal plots were observed
icating complexation beyond 1:1. In all cases except�-CD
nd�-CD, excellent fits to Eq.(7) were obtained, in agre
ent with the proposed 2:1 complex formation. It shoul
oted that the low solubility of the guest curcumin preve

he use of the continuous variation method (or Job plot[20]),
hich would unambiguously determine the stoichiometr

he complex[21].
These association constant results (K1, K2, and K1K2)

isted inTable 3show some very interesting and unexpec
rends. In all cases,K2 	 K1. Thus, inclusion of one end
he curcumin molecule in a CD cavity makes inclusion of
ther end of the molecule by a second CD host less likely.

s contrary to what we observed in the case of cucurbit[6
Q6)[13], for whichK2 >K1, indicating that inclusion of on
nd increasedthe affinity of the other end for inclusion.
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Fig. 6. The fluorescence enhancement,F/F0, of 1.00× 10−5 M curcumin in
1% methanol/water as a function of (a) HP-�-CD and (b)�-CD concentra-
tion. The insets show the non-linear double reciprocal plots. The solid line
in (a) shows the fit of the data to Eq.(7) (2:1 complex model). The dotted
line in (b) shows the fit of the data to Eq.(3) (1:1 complex model), while the
dashed line shows the to Eq.(7) (2:1 complex model). The fit parameters
are listed inTable 1.

the Q6 cavity for comparison; this is undoubtedly a result
of its small portal preventing complete inclusion of polarity-
sensitive probes. Nau et al. have measured the polarizability
within various host cavities using the probe NBO[26,27];
they reported a polarizability inside the Q7 cavity (the ho-
mologue of Q6 with one additional monomer) of ca. 0.12,
which is 50% lower than that in water, whereas that in CD
cavities was reported to be similar to a 2:1 methanol:water
mixture (ca. 0.21). Thus, there is a significant difference in
these two cavities in terms of polarizability. However, cur-
cumin in Q6 showed aλF,max of 520 nm[13], exactly the
same as that found here in the case of the similarly sized HP-
�-CD, suggesting a similar environmental effect of the two
host cavities. Thus, a more likely explanation is increased
steric interactions between the two hosts encapsulating the
same guest, arising from the difference in shape of CDs ver-
sus Q6. CDs are cone-shaped, with one opening larger than
the other, whereas Q6 has a much more restrictive portal of
carbonyl groups limiting insertion from either side, with an
opening of just 4.0̊A [28]. This is significantly smaller than
in the case of the CDs, which have upper rim diameters of

Fig. 7. The fluorescence enhancement,F/F0, of 1.00× 10−5 M curcumin
in 1% methanol/water as a function of (a) HP-�-CD and (b)�-CD concen-
tration. The insets show the non-linear double reciprocal plots. The solid
lines show the fits of the data to Eq.(7) (2:1 complex model), using the fit
parameters listed inTable 1.

5.7, 7.8, and 9.5̊A for �-, �-, and�-CD, respectively[29]. It
is likely that the CD host can penetrate further along the cur-
cumin molecule in the initial 1:1 complex, and thus interfere
with encapsulation by a second CD on the other end to form
the 2:1 complex.

In the case of�-CD and HP-�-CD, very strong binding
was observed, both in terms ofK1, and in terms of the overall
binding constantK1K2, with the modified CD binding
significantly stronger (K1 = 3300 and 12,000 M−1, and
K1K2 = 18,000 and 340,000 M−2, respectively, for�-CD and
HP-�-CD). A similar trend is observed with�-CD and HP-�-
CD, where again the modified CD binds much more strongly
that the unmodified parent (K1 = 280 and 3400 M−1, and
K1K2 = 1800 and 410,000 M−2, respectively, for�-CD and
HP-�-CD). However, in the case of�-CD, K2 is extremely
small with a large uncertainty (6.6± 5.2 M−1). Furthermore,
as can be seen in the inset ofFig. 6b, the double-reciprocal
plot is nearly linear (r = 0.9987), suggesting that higher-order
complexes are not involved in this case. This is clearly
different than the cases of�-CD, HP-�-CD, and HP-�-CD
(Figs. 5a, b and 6b), for which the double-reciprocal plots
are clearly non-linear, and small but significant values of
K2 are obtained. This is consistent with the proposal stated
above that the larger CDs involve greater penetration and
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therefore greater steric interaction between the hosts at each
end of the curcumin molecule: this would clearly be a greater
effect for�-CD than�-CD. It is interesting to note however
that this trend with the larger CD is reversed for HP-�-CD,
which actually shows thelargestvalue ofK2, indicating that
the increased binding affinity resulting from the addition
of the hydroxypropyl chains overcomes the increased steric
hindrance of attaching two hosts to a single curcumin.

An important comparison can be made between the results
for �- and�-CD: binding is much stronger with�-CD than
with �-CD. This indicates that there is a much better size
match between the phenyl groups of curcumin and the smaller
�-CD cavity. This result is consistent with what we previously
reported in the case of cucurbit[n]urils, namely that whereas
Q6 showed strong binding to curcumin, the larger Q7 did not
bind at all [13]. This trend of�-CD binding more strongly
than�-CD is not maintained in the case of the HP-modified
CDs, however: althoughK1 is significantly larger for HP-
�-CD than for HP-�-CD, K2 is much larger for HP-�-CD,
giving very similar overall binding constants (K1K2).

A very different and totally unexpected result was ob-
tained in the case of�-CD and HP-�-CD, as can be seen
in Fig. 7 as compared toFigs. 5 and 6. Unlike in the cases
of �- and�-CD, fluorescence suppression is observed, i.e.
the presence of these two CDs actuallydecreasesthe cur-
cumin fluorescence. This occurs at all concentrations in the
c
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1:1 followed by 2:1 complex formation, as shown inFig. 7a.
In the case of�-CD, a less satisfactory fit was obtained with
Eq. (7) (as can be seen inFig. 7b), but the general shape of
theF/F0 versus [�-CD] plot was reproduced by this model:
an initial decrease in fluorescence (F/F0 < 1) followed by a
change in slope, and eventual enhancement of fluorescence
(F/F0 > 1).

This proposed difference in the geometry of the initial 1:1
complexes in HP-�-CD versus HP-�-CD is supported by the
absorption results described earlier: the significantly lower
extinction co-efficient of the saturated curcumin solutions
in the presence of HP-�-CD as compared to HP-�-CD, and
the slight but significant change in shape of the absorption
spectrum (as can be seen inFig. 2). This is consistent with
our proposal that the initial inclusion in HP-�-CD involves
a folded curcumin molecule, in which the conjugation along
the backbone is broken. This would be expected to result
in a lowering of the extinction coefficient and a change in
shape of the absorption spectrum[8]. This proposal is also
supported by the results forλF,maxdescribed earlier: curcumin
included in 10 mM HP-�-CD had the smallest spectral blue-
shift relative to free curcumin (consistent with the folded
geometry in the 1:1 complex), while that include in 10 mM
�-CD had the largest (consistent with a 2:1 complex with
deep penetration of each end into a�-CD cavity).

These results provide a striking illustration of the huge
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ase of HP-�-CD, but only at low concentrations of�-CD.
owever, the 2:1 inclusion model still works for these
ystems, extremely well in the case of HP-�-CD. We pro-
ose the following speculative scenario to explain thes

eresting and unique fluorescence titration results. As i
ase of�- and�-CD, initial formation of a 1:1 complex
ollowed by addition of a second CD as concentration is
reased, yielding a 2:1 CD:curcumin complex. The dif
nce is that in the case of�-CD, the much larger cavi
llows for the accommodation of both phenyl ends of
uest, via a folding of the curcumin backbone. This fold
ould require the curcumin to be in the diketone form, w

ts resulting breaking of the delocalization along the en
olecule. In this form, curcumin would act as two indep
ent half-curcumins, which have been shown to be sig
antly less fluorescent than curcumin[8]. This results in th
nitial decreasein curcumin fluorescence upon addition
- and HP-�-CD. However, as the concentration increase
econd�-CD includes one of the two ends of the curcum
o give a 2:1 complex with a CD encapsulating both of
henyl ends of the molecule, analogous to the case�-
D (as shown inFig. 4). The curcumin can now revert

ts highly fluorescent enol form, resulting in recovery
nhancement of the fluorescence in the case of the p
-CD. In the case of HP-�-CD, only partial recovery is ob
erved, indicating that the 1:1 complex is much stronger
n the case of�-CD, making it much more difficult for a se
nd HP-�-CD to extract one of the two phenyl ends includ

n the first HP-�-CD. In the case of HP-�-CD, this propose
odel is consistent with the good fit of the data to Eq.(7) for
ffect host cavity size can have on the nature of host–
nclusion complexes. This is consistent with other rep
or example that of Dodziuk et al.[30], who observed com
letely different stoichiometries and degree of penetra
f an adamantyl-terminated dendrimer as guest in�-CD as
ompared to�-CD.

. Conclusions

Curcumin forms strong 2:1 host:guest inclusion c
lexes with cyclodextrins. In the case of parent cyclodext

he strongest binding is observed with�-CD, the smalles
avity, whereas in the case of hydroxypropylated CDs
trongest binding is observed with HP-�-CD. Significant en
ancement of the curcumin fluorescence occurs as a
f this binding by�- and�-CDs, up to a measured ma
um of a factor of 7 in the presence of 30 mM HP-�-CD.
his significant enhancement could have potential app

ions in fluorescence-based detection methods for this
ortant pharmaceutical compound. However, in the ca
-CD, decreased fluorescence is observed, which has
roposed to be a result of initial inclusion of a folded c
umin molecule into the very large�-CD cavity. In all cases
inding to these cyclodextrins provides a significant incr

n the aqueous solubility of curcumin, with the largest
rease of a factor of ca. 5000 in the case of 10 mM HP-�-CD.
uch large increases in curcumin aqueous solubility hav

ential applications in its use as a nutraceutical or pharma
ical compound.
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