Available online at www.sciencedirect.com

ScCIENCE C])p.“cT. thermochimica
C acta

ELSEVIER Thermochimica Acta 418 (2004) 33-38

www.elsevier.com/locate/tca

Inclusion complexes of Rose Bengal and cyclodextrins

P. Fini®-*, M. Castagnol8, L. Catucc®P, P. Cosm&"®, A. Agostiand*P

a|stituto per i Processi Chimico Fisici (IPCF) CNR, sez. Bari, Via Orabona 4, 70126 Bari, Italy
b Dipartimento di Chimica, Universita’ di Bari, Via Orabona 4, 70126 Bari, Italy

Received 8 February 2003; received in revised form 10 October 2003; accepted 25 November 2003
Dedicated to Prof. Mario Della Monica (9 January 1932— 9 September 2003)
Available online 3 March 2004

Abstract

The interaction of Rose Bengal (RB) in aqueous solution with four different cyclodextrins, namely hydroxypropgledextrin
(HP{3-CD), hydroxypropyly-cyclodextrin (HPy-CD), heptakis(2,6-di-O-methylp-cyclodextrin (DIMEB), heptakis(2,3,6-tri-O-methyl)-
[B-cyclodextrin (TRIMEB), was studied by spectrophotometric and calorimetric measurements. An original extension of the Benesi—Hildebrand
treatment was proposed to evaluate the binding constants analysing spectrophotometric data. The results suggest that, at the concentratio
taken in exam, RB includes in all modified CDs considered forming complexes 1:1 with different stability depending on cavity size and kind
of derivative.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction [8]. The complexation generally produces modifications in
the physicochemical properties of guest molecy#&0],
Rose Bengal (RB) is an alogenated xanthétig. (1) char- particularly in their photoreactivityl1,12]. The dye chro-
acterised by an high absorption coefficient in the visible re- mophore included in a cyclodextrin cavity, finds a relatively
gion of the spectra, a high intersystem crossing efficiency hydrophobic environment and often has the possibility to
from the first excited singlet to the triplet state and a ten- form hydrogen bonds with the cyclodextfit3]. In addition
dency to transfer electrons in the excited state producing longthe presence of cyclodextrins in a solution can be helpful in
lived radicals[1-3]. As a result of its photochemical and preventing the dye’s self-aggregation and its photooxidation
photophysical properties RB is widely used as ideal reagentand therefore in avoiding a decrease of dye efficiency.
in processes where the production of singlet oxygen or re- The study of these complexes can also provide interesting
active radicals are required. For example, it has been provedinformation on the photodamaging mechanism in biological
that RB is able to inactivate microorganisms and cause pho-systems; in fact, cyclodextrins can be considered as a simple
todamage in vitro on different cell moddl]. It is known model to mimic enzymes which bind chemical species by
that the photochemical and photophysical properties of dyesmeans of hydrophobic interactiofi4].
in solution strongly depend on chemical-physical character- Data reported in literature on the inclusion of RBan
istics of the solvent (polarity, viscosity, hydrogen donating B and vy natural cyclodextrins in aqueous solutions have
ability, etc.)[5,6]. shown that RB binds only tg-cyclodextrins mainly ina 1:1
Recently the effect of complexation by cyclodextrins stochiometric ratio withky = 100 dn¥ mol— [3].
on the photoreactivity of alogenated xanthenes have We have extended the study on the formation of inclu-
been the subject of consideratidl,7]. Cyclodextrins sion complexes between RB and cyclodextrins to the case
are cyclic oligosaccharides which have the ability to in- of some modified cyclodextrins. The reason for such inter-
clude molecules of organic compounds into their cavity est is that these cyclodextrins are generally more soluble
than natural ones and therefore make possible to enlarge the
mspondmg aUthor. Tels 39-080-544-2060: fi_eld of applicat_)ility pf such systems. Moreover_, the mod-
fax: 139-080-544-2129. ’ ified cyclodextrins differ from the natural ones in the cav-
E-mail address p.fini@area.ba.cnr.it (P. Fini). ity access and internal siz&5,16]; consequently the results
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Fig. 1. Molecular structure and dimensi¢s] of RB.

obtained on natural cyclodextrins cannot be extended to

functionalised ones.

2. Experimental

Hydroxypropyl-B-cyclodextrin  (HP-B-CD) DS
5.6, Hydroxypropyl-y-cyclodextrin (HP-y-CD) DS =
4.8, heptakis(2,6-di-O-methyl)-p-cyclodextrin (DIMEB),
heptakis(2,3,6-tri-O-methyl)-B-cyclodextrin (TRIMEB)
were purchased from Aldrich. RPE ACS-(+)-glucose
and RB were purchased from Carlo Erba and Fluka, re-
spectively. CDs, glucose and RB were used as received

All aqueous solutions were prepared with doubly distilled

water. Solutions for spectrophotometric measurements were

prepared dissolving weighted amounts of CD or glucose in
a 5ml of a RB aqueous stock solution pipetted into 10 ml
calibrated flasks and diluted to volume with water. This pro-

cedure ensured a constant concentration of RB both in the
e

absence and in the presence of the various CD or glucos
concentrations.

Visible absorption and circular dichroism were recorded
using a Varian CARY/3 spectrophotometer and a JASCO
J810 spectropolarimeter, respectively.

Calorimetric measurements were performed using an
LKB 2277 (TAM) microcalorimeter equipped with a ther-
mometric 2250 titration unit. The isothermal titration
calorimeter (ITC) was calibrated electrically and its per-
formance was tested as previously descrifietj18]. Each
calorimetric titration consisted in three experiments. In the
first one the thermal effects (§) associated to the injection
of 10l aliquots of a CD aqueous solution (50 mM) into
the sample cell containing 1 ml of a RB solution (1 mM)

is measured. These heats are the result of three contributes

associated to the interaction of RB with CDs (Q), to the di-
lution of the RB aqueous solution (&) and to the dilution
of the CD aqueous solutions §:

Otot= 0 + Qan + QOdil 1)
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In order to isolate from the total effect that associated to
the interaction (Q), other two experiments were carried out
replicating the corresponding binding experiment but filling
the sample cell or the syringe with water to obt&g, and
Qgi» respectively. The heats associated to the dilution of the
RB aqueous solutions () resulted negligible.

In addition to these measurements some inverse titrations,
in which the syringe was filled with a RB solution and
the sample cell with a CD solution, were also carried out.
In these experiments the solution concentrations were kept
lower than those used in the direct titration in order to limit
the self-aggregation of RB in solution. Consequently lower
thermal effects were obtained which were used only to eval-
uate the enthalpy associated to the saturation of the binding
sites. All measurements were performed at 298 K.

3. Results and discussion

3.1. Formation of complexes between RB and
cyclodextrins

The absorption spectra of RB in water, ethanol, DMF and
in an agueous solution of HP-B-CD 0.049 M are shown in
Fig. 2. In water the absorption spectra is characterised by a
maximum at 548.10 nm. The relative intensity of the shoul-
der to the peak, 0.37, indicates that RB in aqueous solution
2.5 x 10~°M is mainly present as monom§g]. In solvent
less polar than water, like EtOH and DMF, thgax of RB
shifts to longer wavelength. An analogous batochromic ef-
‘fect is produced by the presence in solutions of CDs (Fig. 2).
The wavelengths corresponding to the maximum ab-
sorbance of RB in aqueous solutions of different CDs as a
function of CD concentration are reported kig. 3. It is
interesting to note that increasing CD concentratiggy of
RB increases up to two constant values, 555 nm in the case
of the HP-CDs and 557 nm in the case of the methylated
CDs. The trend of experimental data suggests the formation
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Fig. 2. Absorption spectra of RB 2x 107> M, cell = 5mm) in various
solvents: (a) DMF; (b) EtOH; (c) water; (d) aqueous solution of BtED
0.049 M.
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Fig. 3. Experimental wavelengths of the absorption maximum of BBx210-% M, in the spectral range 500-600 nm, as a function of the concentration
of (OJ) DIMEB, (<) TRIMEB, (x) HP-8-CD and @) HP-y-CD.

of inclusion complexes between RB and CDs; the observedand the achiral molecule of RB. Iig. 4, the ICD spectra
batochromic shift, in fact, can be ascribed to the changesof RB in aqueous solution of HP-y-CD 0.045 M is reported
in the polarity of the environment of RB chromophore, as an example.

when it moves from the polar aqueous media to the apolar

cyclodextrin cavity[19]. 3.2. Association constants of the complexes

In order to confirm the formation of complexes and to
distinguish between the spectral modifications produced by The association constants for the inclusion complexes
the inclusion of RB in the CDs cavity from other effects, like were calculated applying the Benesi—Hildebrand treatment
the presence of nonspecific interactions between RB and CDto the absorption measuremefit4,19,20,22].
or changes in the solvent properties produced by the adding Generally, this treatment takes into consideration the dif-
of CDs, the same set of experiments were also carried out inference between the absorbance of solutions of complexed
the presence ob-(+)-glucose. Amounts ob-(+)-glucose and free dye. In the case of RB the presence of CD in so-
comparable to the used amounts of CD produces only alutions essentially produces a shift of the RB spectrum to
slight red shift whose maximum value is nearly 1 nm. This longer wavelength without changes in the absorbance inten-
is a good indication that the spectral changes observed insity as shown ifrig. 2. Consequently the Benesi—Hildebrand
the presence of CDs were mainly due to specific interactions
between CD and RE9,20].

Clues on the formation of complexes are also provided
by the decrease of the relative intensity of the shoulder to
the peak observed at increasing of CD concentration which 30 - -
is slight in water and more evident in salt solution where
the amount of RB aggregated is higher than in w§2édi.

The formation of complexes promoted by an increase of the
CD concentration, in fact produces a shift of the equilibrium
monomer/aggregate of RB towards the monomeric form. <

The analysis of the spectra of RB obtained at different
concentration of cyclodextrins shows also the presence of a
single isosbestic point for each CD which indicates the equi-
librium between two species, the RB free and complexed,
and therefore the preferential formation of a complex having
stoichiometry 1:1[20].

Further evidence of the formation of complexes between
RB andp- andy-CDs is also given by the presence of signals
of induced circular dichroism which indicate that there is an Fig. 4. induced circular dichroism spectra of RBY% 10-5 M) in aqueous
interaction between the chiral environment provided by CDs solution of HP-y-CD 0.045 M.
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treatment was rewritten in terms of the shift of the maximum
wavelength.

Assuming that CDs taken into consideration form 1:1 in-
clusion complexes with RB:

RB + CD < RB-CD )

The equilibrium constant of the complex is given by
_ [RB—CD]
~ [RB][CD] @)

where [RB—CD], [RB] and [CD] are the concentrations of
the complex RB—CD, RB and CD at the equilibrium. The
relative amount of RB complexed, [RB-CD]/[RB]is re-
lated to the observelinax by the following expression:

[RB-CD]  Alexp
[RBlo Ao )

where [RB} is the total concentration of RB present in so-
lution, complexed and free)Aexp the difference between
Amax Of RB in an aqueous solution of a given CD concentra-
tion and that of RB free in aqueous solution at is the
difference betweennax of RB included in CD, the plateau
value of Amax Obtained at high CD concentration, and that
of RB free in aqueous solution.

Using Eq. (4) to express equilibrium concentrations of
RB free and complexed it is obtained that

[RB] = [RB]o(1 — Akexp/ Ako) 5)
for
[RB] = [RB]O(l - A)\exp)/A)LO (6)

IntroducingEgs. (5) and (6)n Eq. (3)and considering that
the total concentration of CD, [CB]is at least 1000 times
higher than [RBJ and therefore [CD] can be considered
almost equal to [CQ), the equilibrium constant becomes

_ [RB]O(A)\exp/AAO) (7)
[RB]Jo(1 — (Akexp/A%0))[CD]o
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which can be easily transformed into a new form of the dou-
ble reciprocal linear equation known as Benesi—Hildebrand
equation:

Ao _ 1

= 1

(8)

According to this approach, the stoichiometry of the com-
plex is considered 1:1 if a linear double-reciprocal plot is ob-
tained; when it is nonlinear other stoichiometries are taken
in consideration and different equations are develdpétl

For the systems under examination the double reciprocal
plots (Fig. 5) of the experimental data show a satisfactory
linear correlation withR > 0.97; in addition all intercepts
values are very close to 1 in agreement vétty (4). These
findings indicate that 1:1 complexes are mainly formed in the
studied systems. This result is corroborated by the presence
of an isosbestic point for each CD as already reported in the
previous section, and by the results of the analysis of some
preliminary fluorescence measurements (data not shown).
In particular we observed that the fluorescence intensity (1)
increases at increasing of the CD concentration and that there
is a linear correlation of 1Aersus 1/[CD] as expected in the
case of the formation of complexes having a stoichiometry
1:1[23].

The values oK calculated by the slopes of linear double
reciprocal plot are reported ifable 1.

In order to have a more detailed knowledge on the thermo-
dynamics of formation of these complexes they were studied
also by calorimetric measurements. Calorimetric data were
analysed using the treatment proposed by Eftink and Bilto-
nen[24].

According to this treatment and assuming the formation
of a complex 1:1,Q;, the sum of the heat® associated
to i injections of a solution of CD in a solution of RB, is
proportional tony, the moles of RB complexed:

_ 9

N (9)
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Fig. 5. Benesi—Hildebrand plot afio/ALexp vs. 1/[CD] of RB in presence of TRIMEB.
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Table 1

37

Thermodynamic parameters for the association between RB and CDs af298 K

CcD Kb (M—1) Ke (M~ AH° (kJ/mol) AG® (kd/mol) TAS (kJ/mol)
DIMEB 63+ 2 68 + 15 —17.5+ 10 —-10.44+ 0.5 71+ 15
TRIMEB 120+ 7 0 + 10 +9.14+ 05 -11.1+ 1.0 202+ 15
HP-B-CD 140 + 30 130+ 20 —13.44 1.3 —12.0+ 0.3 14+ 1.6
HP-y-CD 190 + 30 210+ 20 -9.7+0.3 —13.2+ 0.2 35+ 05

@ The errors reported in table are the standard deviations.
b Values obtained from the spectrophotometric study.
¢ Values obtained from the calorimetric study.

whereAH? is the molar standard enthalpy of complexation.
The molesp;, of RB free in solution are given by the fol-
lowing equation:
0;
= [RB]oVo —
n = [RBJoVo — =
where [RB}) is the initial concentration of RB in the sample
cell, before the addition of the CDs, ai is its volume.
Using Egs. (9) and (10jo express the concentration of
RB free and complexed i&g. (3), the association constant
becomes

(10)

B Q;/AH°
~ [CDI([RB]oVo — Qi/AH®)

(11)

Eqg. (11)can be rewritten in the following form which cor-
relates experimental da@@’ = Q;/[RB]oVp with the con-
centration of CD free in solution [CD]:

, _ AH°K[CD] 12)
1+ K[CD]
The [CD] is calculated by the following equation:
[CD] = [CD]t - [RBJoQ'/AH® 13)

where [CDY is the total CD molarity.

The values ofAH° andK (Table 1) were obtained from
Egs. (12) and (13py an iterative least squares method. The
first values of [CD] were evaluated assuming thati® =
Qg that is the value 0Q;/[RB]oVo at saturation at the end
of the titration when CD is present in large excess. The it-
eration were stopped when two successive valuea ldf
differed by less than 2% as reported in literat[#®,26]. In
order to verify if the assumed stoichiometry 1:1 is correct
the formation of complexes was also studied performing in-
verse titrationg25]. The agreement, within the experimen-
tal uncertainties, between the valuesAdfi® evaluated from
the direct and the inverse titrations indicate mainly the for-
mation of complexes having stoichiometry 1:1. In fact if the

These results indicate that RB includes in all modified
CDs considered forming complexes whose stability de-
pends on cavity size and kind of derivatives. As shown by
Flamigni’s study[3] and our unreported results, natural
a- and B-CDs are not able to include RB. In the case of
a-CDs because of molecular dimensions, RB does not fit
into the CD cavity. In the case @-CDs the drawback to
the inclusion can be ascribed more than to cavity dimension
to other structural differences which are often considered
responsible of the changes in the complexation ability of
modified 3-CDs respect to the natural CI)&7]. The sub-
stitution of OH groups with other chemical moieties can
increase the cavity dimension providing additional surface
for interaction; in addition an increase or decrease of the
cavity opening is realised according to the substituents are
canted outwards or have a high steric hidrance, respectively
[15,16]. In agreement with these findings our experimen-
tal results indicate that, conversely to natupalCD, the
DIMEB is able to include RB in its cavity. The TRIMEB
forms with RB inclusion complexes more stable than
DIMEB because the complete methylation of the hydroxyl
groups of CDs leads to an increase of both cavity opening
and internal diameter and provides an additional surface
for interaction[16]. In the case of HP-CDs the difference
between the values & obtained with- andy-CD can be
ascribed to the different cavity size. The higher stability of
complexes with HP-CDs compared to those with methylated
CDs suggests the occurring of hydrogen bonds between the
hydroxypropyl moiety of CD and one of the electron donor
moieties of RB besides the hydrophobic interactions, which
are characteristic of inclusion complexes.

The data reported ifiable lindicate that the formation of
inclusion complexes produces negative changes in enthalpy
for DIMEB, HP-B-CD and HP-y-CD, as shown from most
of the studies reported in literature on the formation of in-
clusion complexefl 3], whereas it is positive for TRIMEB.

At the best of our knowledge there are no other calorimetric

stoichiometry of the complexes was 1:2 or 2:1 the inverse on the formation of inclusion complexes between CDs and

titration should lead to values afH° about half or twice
those calculated through the direct experiments.
From K and AH° values obtained by calorimetric mea-

guest molecules having structure similar to RB; therefore it
not possible to compare our thermodynamic data with other
data reported in literature.

surements the standard free energy and entropy of associ- The changes of the complexation thermodynamics of CDs

ation were calculated (Table 1). The valueskobbtained

are generally the results of several and contrasting effects

by the calorimetric and spectrophotometric study are in a mainly originated from the penetration of the hydropho-

satisfactory agreement within the experimental uncertainty.

bic part of the guest molecule into the CDs cavity, the
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