Thermochimica Acta 557 (2013) 44-49

Contents lists available at SciVerse ScienceDirect = .
thermochimica acta

Thermochimica Acta

journal homepage: www.elsevier.com/locate/tca =

Thermodynamics of inclusion complexes of natural and modified cyclodextrins
with acetylsalicylic acid and ibuprofen in aqueous solution at 298 K

Giuseppina Castronuovo*, Marcella Niccoli

Department of Chemistry, University Federico Il of Naples, Complesso Universitario a Monte S. Angelo, via Cintia, 80126 Naples, Italy

ARTICLE INFO ABSTRACT

Article history:

Received 15 November 2012

Received in revised form 21 January 2013
Accepted 25 January 2013

Available online xxx

Thermodynamic parameters for the association of natural and substituted a-, 3-, and y-cyclodextrins
with acetylsalicylic acid, salicylic acid and ibuprofen have been determined by isothermal titration
calorimetry. Analysis of the data shows that complexes form, all having 1:1 stoichiometry. The shape-
matching between the host and guest is the factor determining the values of the thermodynamic
quantities. In the case of the smallest cyclodextrin interacting with acetylsalicylic acid and salicylic acid,
the parameters indicate that hydrophobic interactions play the major role. Association occurs through the
shallow inclusion of the benzene ring into the cavity. In the case of substituted (3-cyclodextrins, instead,
inclusion of the benzene ring is deeper and the tight fitting of the guest molecule to the cavity makes
the enthalpy and entropy to be both negative. Ibuprofen interacts through its isobutyl group: the values
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Inclusion complexes of the association constants are very high for 3-cyclodextrins as determined by the large and positive
Calorimetry entropies due to the relaxation of water molecules from the cavity and the hydration spheres of the

interacting substances. For all systems, a compensatory enthalpy-entropy relationship exists unless for

those involving 3-cyclodextrins and ibuprofen.
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1. Introduction

Natural cyclodextrins (CDs) are cyclic oligomers of a-D-glucose
characterized by a fairly polar exterior and by a relatively nonpolar
cavity. The most important property of CDs is their ability to form
complexes with a great variety of organic substances in solution
and in the solid state [1-5]. The host-guest chemistry of inclusion
complexes of cyclodextrins has been thoroughly studied, especially
inrelation to their most common pharmaceutical applications. The
physicochemical properties of the included substances are altered
upon complexation and cyclodextrins are widely used to enhance
the aqueous solubility, stability and bioavailability of apolar drug
molecules [6-9]. Besides, toxicity tests have demonstrated that
orally administered CDs are essentially nontoxic, largely because
they are not absorbed in the gastrointestinal tract. In the attempt
to improve the properties of the natural macrocycles as drug car-
riers [10,11], many cyclodextrin derivatives have been prepared in
the last years to modify their inclusion ability

Complexation processes result from the contribution of a
series of noncovalent intermolecular forces: hydrophobic interac-
tions, hydrogen bonds, van der Waals interactions, conformational
energy, dipole-dipole and ion-dipole interactions and the
rearrangement of water molecules originally surrounding both
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cyclodextrin and guest molecule [1,12-20]. The weight of every
one of these interactions depends on the substituent groups on
both the interacting molecules and on the dimensions of the
cyclodextrin cavity. Preceding studies on the complexes of various
cyclodextrins with different substances have allowed us to exam-
ine the factors which are necessary for a complex to form. The
aim of the present contribution is to have the complete thermo-
dynamic framework characterizing the inclusion process between
natural and modified cyclodextrins and substances of pharma-
cological interest in aqueous solution. To that, the interaction
of a-cyclodextrin (a-CD), 2-hydroxypropyl-a-cyclodextrin (HP-a-
CD), methyl-a-cyclodextrin (M-a-CD), 3-cyclodextrin ([3-CD), 2-
hydroxypropyl--cyclodextrin (HP-3-CD), methyl-3-cyclodextrin
(M-B-CD) and +y-cyclodextrin with some drugs is investigated by
a calorimetric method at 298 K. The drugs used in this study
are: acetylsalicylic acid (aspirin, pKa=3.5; Fig. 1), salicylic acid
(pKa=2.97) and ibuprofen (pKa=4.4, Fig. 1), which belong to a
group of medications called nonsteroidal, anti-inflammatory drugs
(NSAIDs), pH-dependent and practically insoluble in water. Aspirin
is one of the most widely used medications in the world. Its effects
as an analgesic, antipyretic, anti-inflammatory and antithrombotic
agent are widely known. Unfortunately, its use, especially in higher
doses, can cause severe side effects as gastrointestinal ulcers, stom-
ach bleeding, and tinnitus. Aspirin-CD inclusion complexes were
devised to increase the solubility and reduce the concentration of
free drug, with the consequent reduction of side effects. Ibuprofen
(BF, see Fig. 1b)is used primarily for fever, pain, dysmenorrhoea and
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Fig. 1. Scheme of the interaction between a modified 3-cyclodextrin and (upper)
acetylsalicylic acid (aspirin) or (down) ibuprofen.

inflammatory diseases such as rheumatoid arthritis. Its pharmaceu-
tical applications, however, are limited because it is only slightly
soluble in water, has a bad taste and can have serious effects on the
gastro-intestinal apparatus. The formation of inclusion complexes
with cyclodextrins improves both its solubility and taste [21,22].

Microcalorimetry is the technique chosen to carry out this kind
of study: through the thermal effect detected, it is possible to eval-
uate the association constant, and from that the Gibbs energy and
entropy of the process. Knowing the values and signs of the thermo-
dynamic parameters makes possible proposing a hypothesis about
the forces involved in the interaction between CD and the exam-
ined guest molecules. That can be particularly useful for designing
new modified cyclodextrins having more suitable characteristics to
include specific drug.

2. Experimental
2.1. Materials

Natural a-, -, and <y-cyclodextrin, as well as acetylsali-
cylic acid, salicylic acid and ibuprofen, were purchased from
Sigma. Methyl-a-cyclodextrin, 2-hydroxypropyl-a-cyclodextrin,
methyl-B-cyclodextrin, 2-hydroxypropyl--cyclodextrin and 2-
hydroxypropyl-y-cyclodextrin were purchased from Cyclolab: it is
reported that the mean substitution degree has been determined
by NMR. All substances were used as received, without further
purification. The optical rotations of CDs were in agreement with
those reported in the literature. Solutions of natural and modified
cyclodextrins, of known molalities, were prepared by mass, using
0.05 mol kg~! buffer phosphate, pH 7.4 or 9.3. Solutions of ibupro-
fen, acetylsalicylic acid and salicylic acid were, then, prepared using
the same phosphate buffer as solvent.

2.2. Calorimetry

Measurements of the experimental heats of mixing, AHix,
of two binary solutions containing any one of the solutes, were
determined at 298 K using a thermal activity monitor (TAM) from
Thermometric, equipped with a titration vessel. A microcomputer
controlled the injections and collected the titration data. Approx-
imately 30 injections of the titrating solution were made in each
experiment, and at least two experiments were performed for each
substance. Enthalpies of dilution of the added substance in the
appropriate solvent were determined, using the same number of
injections and concentrations as in the titration experiments, and
were subtracted from the enthalpies of the mixing process. The
dilution of the component present in the cell (usually the drug)

was considered to be negligible. The estimated uncertainties in the
molalities and the heat effects are 1% and 2%, respectively.

2.3. Treatment of the data

Assuming that a 1:1 complex is formed when mixing two
binary solutions, the association process can be represented as
follows:

CD+L=CD-1L (1)

where CD indicates a cyclodextrin and L a guest (drug) molecule.

The enthalpy of mixing two binary solutions, AH,;y, is related to
the enthalpy of formation of a complex, or in general to the enthalpy
of interaction between solutes, AH*, and to the heats of dilution
experienced by the two solutes, AHg;, [23-25]

AHpi[(mip)(mi) — m

(o> M1 = AH* + AHgy(mb, — ml,)

+ AHgy(m} — m{) (2)
where mi, mi, meD, and m{ are the initial and final molalities of
the cyclodextrin and drug. AH*, normalized to the total molal-
ity of the guest, m;, can be related to the actual molality of the
cyclodextrin host molecule, m’;D, to the standard molar enthalpy of
association, AH,, and to the apparent association constant, K}, as
follows [26]:

mp 1 1

=+
AH* AH, — AHgKGmL,

For each value of AH*, the actual concentration of the host molecule
is given by:

mfc =Mcp — (AAI_I:) myg (4)

where my is the total stoichiometric molality of the host molecule.
The standard enthalpy and the constant are obtained from Eqgs. (3)
and (4) by an iterative least-squares fitting. The iterations are con-
tinued until two successive values of AH, differ by less than 2%.
The values of the free energy and entropy are obtained through the
usual thermodynamic relations. The absence of any information
about the activity coefficients leads to the evaluation of associa-
tion parameters thermodynamically not exactly defined. Only an
apparent constant, K, can be determined, and consequently the
standard free energy and entropy, AG, and AS,/, suffer of the same
limitations

(3)

3. Results

The thermodynamic association parameters for the formation
of the drug/CD complexes were determined at 298 K. In Tables 1-3,
the association constant, standard Gibbs energy, enthalpy and
entropy are reported for the complexation of natural and modified
cyclodextrins with acetylsalicylic acid, salicylic acid and ibuprofen,
in aqueous phosphate buffer, pH 9.3 or 7.4.

Table 1 shows the thermodynamic parameters, obtained in
phosphate buffer, pH 9.3, for the formation of inclusion complexes
between natural and modified cyclodextrins and acetylsalicylic
acid. The standard molar enthalpies of association, AH,, are
negative for all employed cyclodextrins: those relative to nat-
ural and modified B-cyclodextrins are larger, in absolute value,
than those for a-cyclodextrins, being intermediate that for y-
CD. The unsubstituted CDs are characterized by a less negative
standard molar enthalpy compared to the respective modified ones.
The enthalpies become more negative at increasing hydropho-
bicity of the modified 3-CDs: in fact, enthalpy for the modified
hydroxypropyl-cyclodextrin having DS =6,3 is larger than that for
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Table 1

Thermodynamic parameters for the association of various cyclodextrins with acetyl salicylic acid in 0.05 mol kg~'buffer phosphate, pH 9.3, at 298.15K.
System AH 20 K, AG; b TAS; b
a-CD -22+0.9 110+70 -12+2 10+£3
Methyl-a-CD (DSf=11) -2.7+0.1 150+ 10 -12.4+0.2 9.7+0.3
2-Hydroxypropyl-a-CD (DSf=4.5) -7+1 105430 -11.5+09 542
B-CD -75+038 210+30 -13.2+0.4 6+1
2-Hydroxypropyl-B-CD (DS =3) ~12+1 55+10 -9.94+0.5 —2+1
2-Hydroxypropyl-B-CD (DSf=6.3) -15.8+09 100+10 -114+£03 441
Methyl-B-CD (DSf=12) —24+2 145420 -12.3+0.3 -12+2
v-CD -4.9+0.6 45+10 -9.4+0.6 5+1

2-Hydroxypropyl-y-CD (DSf=4.5)

N.AS

Errors reported are the standard deviations as obtained by fitting the data to Eqs. (3) and (4).

kg/mol.

Errors are half the range of AG] calculated from the upper and lower error in K.
¢ Errors are the sum of the errors on free energy and enthalpy.
f Degree of substitution.

a
b kJ/mol.
c
d

& N.A. means that experiments have been performed, but no association was detected.

Table 2
Thermodynamic parameters for the association of various cyclodextrins with sali-
cylic acid in 0.05 mol kg~'buffer phosphate, pH 9.3, at 298.15K.

System AHjg b K ac AGy Pd TASy be
a-CD -24+06 90+30 -11+1 9+2
B-CD -12£1 120£10 -119+£03 01
Methyl-B-CD (DS8=12) -163+£08 110£10 -11.7+£03 -5%1

2 Errors reported are the standard deviations as obtained by fitting the data to
Egs. (3) and (4).

b kJ/mol.

¢ kg/mol.

4 Errors are half the range of AGy calculated from the upper and lower error in
K.

¢ Errors are the sum of the errors on free energy and enthalpy.

DS =3, while the largest value characterizes the interaction with
methyl--CD. Entropies for a-CDs and y-CD are positive while neg-
ative for B-CDs. Despite the great variability in the values of the
enthalpies and entropies of association, the values of AG, vary in
a limited range, showing a relationship between the enthalpy and
entropy change, i.e. the enthalpy-entropy compensation. That leads
to very similar and low values of the association constants, which
fall in the 50/200 kg/mol range. For the propyl substituted y-CD,
association was not detected.

Table 2 shows the thermodynamic parameters, obtained in
phosphate buffer at pH 9.3, for the formation of inclusion com-
plexes between natural and modified cyclodextrins and salicylic
acid., The values of the thermodynamic parameters for the unsub-
stituted a-CD and [-CD are similar to those obtained for the
complexes with acetylsalicylic acid.

The data for ibuprofen, reported in Table 3, indicate that the
complexation with a-CDs is very different from that with 3-CDs.

For both cyclodextrins the inclusion processes are exothermic, and
entropies are positive. The values of inclusion enthalpies for natural
cyclodextrins are more negative than the corresponding modified
ones, those relative to 3-CDs (except methyl-3-CD) being much
larger as respect to the a-CDs. The standard molar entropies are
positive and very different for the various a-CDs, while they are
large and positive and approximately invariant for all the exam-
ined B-CDs. Gibbs energy distinguishes very well the two CDs: in
fact, for 3-CDs it almost doubles that for a-CDs. For a-CDs, the
association constants increase at increasing hydrophobicity of the
cyclodextrin: they are very large for 3-CDs, as determined by the
very high and positive entropic contribution. In particular, for the
natural 3-CD, the large and negative value of enthalpy determines
that the complex is characterized by an association constant larger
than that involving modified 3-CDs.

Fig. 2 shows the complete thermodynamic framework for the
association of acetylsalycilic acid and ibuprofen with the natu-
ral and modified cyclodextrins. Enthalpies and Gibbs energies are
reported vs 3N-DS, where N is the number of glucopyranose rings
forming the cyclodextrin, and DS is the substitution degree. Repor-
ting the only DS as the independent variable would not allow to
distinguish between a-CDs and [3-CDs having the same substitu-
tion degree, but different number of glucose units, hence different
residual hydrophilicity.

4. Discussion

According to the commonly accepted view, complexation of a
hydrophobic guest molecule with a cyclodextrin occurs through
the inclusion of the alkyl portion into the prevailingly hydropho-
bic cavity. The functional group forms hydrogen bonds with the

Table 3

Thermodynamic parameters for the association of various cyclodextrins with ibuprofen in 0.05 mol kg~'buffer phosphate, pH 7.4, at 298.15K.
System AH; 2P R AGy b4 TASg be
a-CD -85+ 04 99+ 8 -11.4 £ 0.2 29+ 0.6
Methyl-a-CD (DSf=11) -52 4 0.1 720 + 30 -16.3 £ 0.1 11.1 £ 0.2
2-Hydroxypropyl-a-CD (DSf=4.5) -53+0.7 100 + 20 -11.6 £ 04 6+1
B-CD -9.24 + 0.06 (5.0 £ 0.1)10* -26.7 £ 0.7 175+ 0.8
2-Hydroxypropyl-B-CD (DS =3) —8.16 + 0.09 (2.9 £ 0.1)10* -255 + 0.1 173 £ 0.2
2-Hydroxypropyl-B-CD (DSf=6.3) —7.87 £ 0.08 (3.2 £0.3)10% -257+£03 17.8 £ 0.3
Methyl-B-CD (DSf=12) —-4.92 + 0.05 (7.6 + 0.7)10° -2224+0.2 172+ 03

Errors reported are the standard deviations as obtained by fitting the data to Egs. (3) and (4).

a

b kJ/mol.

¢ kg/mol.

d Errors are half the range of AGy calculated from the upper and lower error in K.
¢ Errors are the sum of the errors on free energy and enthalpy.

f Degree of substitution.
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Fig. 2. Enthalpies and Gibbs energies for aspirin and ibuprofen interacting with natural and modified a-CDs or 3-CDs as a function of 3N-DS, where N is the number of

glucopyranose rings forming cyclodextrins and DS is the degree of substitution.

external hydroxyl groups on the rim of the macrocycle cavity, thus
preventing the further penetration of the alkyl chain [27,28]. The
present data relative to the interaction of natural or modified a-,
[3-, and y-cyclodextrins with some drugs as guest molecules show
that association occurs through the same mechanism. However,
the presence of external methyl or propyl groups in the substi-
tuted CDs causes the balance of the forces upon association to
be different from that acting when the natural cyclodextrins are
involved. In all cases, the association is characterized by negative
enthalpies. The value of enthalpy is the result of several factors,
among them the endothermic contribution due to the disrup-
tion of hydrogen bonds between water molecules in the cavity,
the endothermic dehydration of the including hydrophobic guest
molecule, and the exothermic contribution stemming from the van
der Waals interactions between the guest and the cyclodextrin cav-
ity. For the last interactions, the dimensions of the cyclodextrin
cavity play the major role. The a-CD cavity has the best dimen-
sions to include an alkyl chain, while 3-CD can accommodate a
benzene ring at the best. In the case of a loose adaptation of the
guest molecule upon formation of a complex, contributions stem-
ming from the interactions with the cavity will be negative, but
smaller, as in the case of y-CD. Also entropy is a complex quantity
whose value is the result of several contributions. Upon inclu-
sion, water molecules relax from an ordered microenvironment,
namely the cavity, and from the ordered hydrophobic hydration
shells of the guests to a more disordered bulk. In the case of mod-
ified (alkylated) cyclodextrins, another additional effect must be
taken into account: the dehydration of the external alkyl groups,
an endothermic process. In those cases, the very large and posi-
tive values are determined by the relaxation to the bulk of water
molecules from the hydrophobic hydration shells of the external
alkyl groups and from the cavity. For natural and modified -
CDs the last contribution can be assumed to be the predominant
one [12,29].

Acetylsalycilic acid has three possible points to include within
the cavity of a cyclodextrin: the carboxylic group, the acylic group
and the benzene ring (Table 1). At pH 9.3, the carboxyl group is ion-
ized in solution: hence, as reported in the literature, carboxylate ion
cannot enter into the hydrophobic cavity because of its extended
hydration [27]. Then, inclusion could occur or through the benzene
ring or through the acylic group. Calorimetric titrations of the two
natural cyclodextrins and of methyl-f3-cyclodextrin with salicylic
acid lead to inclusion parameters (Table 2) which describe the pen-
etration of benzene into the cavity of the CDs, since no other part of
the molecule can be included. The similarity of the binding param-
eters for the interaction of aspirin and salicylic acid with the same
cyclodextrins, makes to infer that, at the pH used, the interaction
of cyclodextrins with aspirin occurs through the inclusion of the
benzene ring into the cavity. For a-CDs, the values of the associ-
ation constants indicate the formation of rather weak complexes,
thus underlining that the fitting of the guest molecule to the cav-
ity is rather superficial. That is in agreement with literature data
which report that the benzene ring penetrates shallowly into the
narrower o-CD cavity, whose diameter (about 5A) is too small to
give a deep and tight inclusion of the guest molecule [13,30,31].
Instead, the fitting of benzene is deeper into the wider cavity of
B-CD, whose internal diameter is about 7 A, the best dimensions
for the association with a benzene ring. The values of enthalpies
for a-CDs are small and negative, while those for modified 3-CDs
are negative and large, an indication that van der Waals interac-
tions between the guest molecule and the cavity are much more
significant. The last effect determines the entropy to be negative
for the reduced motion of the guest molecule. Consequently, the
Gibbs energy is rather small and the constants as low as those
for the smaller cyclodextrin. These conclusions are in agreement
with the findings from NMR studies on unionized aspirin, that has
been found to form stable inclusion complexes with various [3-
cyclodextrins: the benzene ring is located inside the cavity while
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Fig. 3. Enthalpy-entropy compensation plot for the formation of the complexes of
natural and modified a-CDs or 3-CDs with aspirin or ibuprofen.

the acetyl ester group protrudes from it. The same studies indicated
that the ionized aspirin does not form complexes with the exam-
ined 3-cyclodextrins. Loftsson et al. carried out a structural analysis
of the inclusion complex between 3-CD and aspirin by NMR [32].
They concluded that the phenyl ring of the guest is completely
included into the cavity and the ester group stands somewhat out
of it. In contrast, the ionized aspirin molecule is, to a certain degree,
pulled out from the 3-CD cavity so that the included portion of the
aspirin molecule should be smaller than that under acidic condi-
tions [33]. IR studies, too, evidentiate the formation of inclusion
complexes stabilized by van der Waals interactions of aromatic
rings of salycilic acid molecules with the hydrophobic cavities of CD
molecules. The stabilization inside [3-cyclodextrin is supported by
the formation of weak hydrogen bonds between phenyl hydroxyls
of salicylic acid and glycoside oxygens of cyclodextrin molecules
[34,35].

Ibuprofen includes into the cavity of cyclodextrins probably
through its isobutyl group. The AH, values for a-CDs are negative
and smaller than those for [3-CDs. That is not unexpected probably
because, beyond the isobutyl group, also the benzene ring enters
partially into the cavity of CDs. This hypothesis is confirmed by NMR
literature data [36], which suggest that only the isobutyl group of
the BF molecule is included in the cavity of a-CD, while the 3-CD
cavity accommodates, beyond the isobutyl, part of the aromatic
ring of the BF molecule, too [37]. The association constants and
then the values of the Gibbs energy depend on the cavity size of
cyclodextrins, being those for a-CDs much smaller than those for
[3-CDs. The values of entropies are positive for both cyclodextrins:
they originate from the dehydration of the isobutyl part of ibupro-
fen upon inclusion and from the relaxation of water molecules
from the cavity. However, for 3-CDs, the entropic term is large,
positive and almost invariant. The complexes formed are charac-
terized by large association constants, for the favorable, concurrent
contribution of both enthalpy and entropy, being the former neg-
ative and the latter positive (see Fig. 3). Given the dimensions of
-cyclodextrins, the association occurs through the inclusion of
the isobutyl group together with the aromatic ring. The suitable
fit between host and guest determines the values of the thermody-
namic parameters. Hence, the values of the entropic contribution
are determined by the relaxation to the bulk of water molecules
from the hydrated interacting groups and from the cavity. The last
effect appears to be predominant, as detected by the invariance
of entropy whatever the cyclodextrin, natural, modified or hav-
ing different substitution degree (see Table 3). In the literature

there are structural [38-41] and thermodynamic [36] studies on
ibuprofen-cyclodextrin complexes. Our data are in good agreement
with calorimetric data, showing similar trend of the thermody-
namic parameters: any differences can be attributed to the different
solvent and pH of measurement.

5. Conclusion

The formation of a complex between a cyclodextrin and a pre-
vailingly hydrophobic guest molecule is a process ruled by the
changes experienced by the solvent water upon association: dehy-
dration of the guest molecule, desolvation of the cavity, formation
of a hydration shell for the complex.

The complete thermodynamic framework reported in Fig. 2 is a
good synthesis of the association of acetylsalycilic acid and ibupro-
fen with natural and modified cyclodextrins. The 3N-DS abscissa
takes into account the number of hydroxyl groups substituted
by an alkyl group, hence it is bound to the residual hydrophilic
character of the examined cyclodextrins. For aspirin, it comes
out that the Gibbs energy varies in a small range because of the
enthalpy-entropy compensation. That leads to rather weak com-
plexes, described by small association constants. For ibuprofen,
enthalpies vary in a limited range for both - and (3-cyclodextrins.
Hence, the very different association constants characterizing the
formation of the complexes with the two types of differently sized
cyclodextrins are determined by entropy, which is positive in both
cases, but very large for the larger macrocycle. For most com-
plexes reported in the literature, a roughly linear trend is obtained
when reporting AH° vs AS°’: this compensatory enthalpy-entropy
relationship exists [1,12,42-44] for all processes dominated by
equation phenomena and ascribed to the modifications experi-
enced by the solvent in the hydration cospheres of the interacting
substances. Fig. 3 is very descriptive of the processes examined. In
fact, the plot is roughly linear, whatever the cyclodextrin or the
guest molecule, with the exception of the last five points referring
to the systems involving 3-CD interacting with ibuprofen. Then, for
those systems enthalpy-entropy compensation does not operate
and the large values of the association constants, among the high-
est found for cyclodextrin complexes, are determined prevailingly
by entropy.
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