
I
A

L
a

b

a

A
R
R
A
A

K
I
C
D
T
I
l
N

1

l
p
t
a
c
c
t
i
t
d
r
l
m
c
f
i
s
n

0
d

Thermochimica Acta 511 (2010) 102–106

Contents lists available at ScienceDirect

Thermochimica Acta

journa l homepage: www.e lsev ier .com/ locate / tca

nfluence of lipophilicity on drug–cyclodextrin interactions:
calorimetric study

aura J. Watersa,∗, Susan Bedforda, Gareth M.B. Parkesa, J.C. Mitchellb

School of Applied Sciences, University of Huddersfield, Queensgate, Huddersfield, HD1 3DH, UK
Medway Sciences, School of Science, University of Greenwich at Medway, Chatham Maritime, Kent ME4 4TB, UK

r t i c l e i n f o

rticle history:
eceived 22 April 2010
eceived in revised form 27 July 2010
ccepted 29 July 2010
vailable online 6 August 2010

eywords:
TC

a b s t r a c t

This study presents a systematic investigation of the interaction of three functionally related drugs,
ibuprofen, ketoprofen and flurbiprofen, with two distinct forms of cyclodextrin at three specific temper-
atures, 298, 303 and 310 K using isothermal titration calorimetry (ITC). Although all three pharmaceutical
compounds have similar pKa values, they exhibit widely differing lipophilicities. While previous authors
have presented data regarding the binding of flurbiprofen and ibuprofen with �-cyclodextrin, this is the
first report of the interaction of all three drug substances with �-cyclodextrin and 2-(hydroxypropyl)-
�-cyclodextrin at controlled pH and temperature. For all scenarios, the associated changes in Gibbs free
energy, enthalpy and entropy are presented alongside the stoichiometry and binding constants con-
yclodextrin complex

rug
hermodynamic
sothermal
og P
SAID

cerned. In all cases the binding was found to occur at a 1:1 ratio with an associated negative enthalpy
and Gibbs free energy with the formation of the complex enthalpically, rather than entropically driven.
The data further demonstrates a clear relationship between the thermodynamic behaviour and log P
of the drug molecules. This work confirms the suitability of ITC to determine thermodynamic data
for drug–cyclodextrin complex formations and provides an insight into the selection of appropriate

pha
cyclodextrins for bespoke

. Introduction

A significant proportion of pharmaceutical compounds have
imited aqueous solubility which, in turn, restricts the variety of
otential formulations that can be developed. Several solutions
o this problem exist including surfactant enhanced solubilisation
nd, in the last 20 years, the introduction of cyclodextrin-based
ompounds. Cyclodextrins are enzymatically modified starches
onsisting of glucopyranose units arranged in a ring. The combina-
ion of a cyclodextrin and drug molecule gives rise to a guest–host
nclusion complex which in many cases produces an increase in
he aqueous drug solubility. It has been found that a pre-formed
rug–cyclodextrin complex when placed in aqueous solution will
elease the drug molecule through a three-stage process of disso-
ution, dissociation and recrystallisation [1]. Dissolution involves

any changes in the intermolecular forces experienced by the
omplex and requires a negative net change in Gibbs free energy

or the process to occur spontaneously. The process of dissolution
s often well characterised, yet for this complex system it is the
ubsequent drug dissociation stage that is of thermodynamic sig-
ificance. Many pharmaceutical compounds have previously been

∗ Corresponding author. Tel.: +44 1484472190.
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rmaceutical formulations.
© 2010 Elsevier B.V. All rights reserved.

successfully complexed with a variety of cyclodextrin-based struc-
tures [2–4] including several commercial products. In addition,
many modifications have been made to the naturally occurring
�,� and �-cyclodextrins to enhance their complexation charac-
teristics [5,6]. One factor often investigated is the size of the
cavity in the cyclodextrin structure which directly correlates with
the size of the guest molecule [7]. In the majority of cases the
host (drug)–guest (cyclodextrin) ratio is 1:1, although exceptions
have been documented [8]. This work focuses on investigating
two cyclodextrin-based structures, namely �-cyclodextrin and 2-
(hydroxypropyl)-�-cyclodextrin. The latter has a hydroxypropyl
group located at the C6 position on each sugar residue. To date, only
very limited research has focused on probing the thermodynam-
ics of drug–cyclodextrin complexes [9,10] despite the importance
this plays in formulation potential, product stability and ultimately
drug dissociation in vivo. For example, previous work has con-
firmed the driving force for the thermodynamics of the binding
of benzene to �-cyclodextrin to be the hydrophobic effect [11], yet
the same approach is not routinely applied for drug complexes.
Extensive research has been undertaken to investigate the thermo-

dynamics of non-pharmaceutical, chemical-cyclodextrin complex
formations. These include complexes with hexanol [12], cyclohex-
anol [13], butanediol [14], adamantane [15], benzoic acid [16,17],
amino acids [18,19], glucose [20], aspartame [21] and many others
[22–25].

dx.doi.org/10.1016/j.tca.2010.07.031
http://www.sciencedirect.com/science/journal/00406031
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Fig. 1. Chemical structures of ibuprofen (a), ketoprofen (

In investigating the complexation process it is important to
ppreciate the binding mechanism, specifically that the more
ipophilic part of the molecule will enter the cavity whereas the

ore hydrophilic part will remain exposed to bulk solvent. The
omplex formation process in aqueous solutions is a series of
hermodynamic processes involving direct guest–host interactions
longside rearrangement, removal and addition of water for both
he guest and host molecules [26–28]. Bonding is usually attributed
o van der Waals and hydrophobic interactions [29,30] and in
ome cases, hydrogen bonding and steric effects [31,32]. Previ-
us research has utilised a variety of techniques to investigate
he thermodynamic processes involved in complex formation [33].
pectroscopic techniques such as electronic absorption [34], circu-
ar dichroism [35], fluorescence and nuclear magnetic resonance
36] have been shown to provide thermodynamic data for such
omplexes. Chromatography has also assisted in the determination
f thermodynamic parameters including liquid chromatography
37] and capillary electrophoresis [38] along with potentiometry
39] and solubility based determinations [40]. However, each of
hese techniques has their own disadvantages which can hinder
stablishing an accurate and precise thermodynamic profile for the
omplexation process. For example, some guest molecules lack a
uitable chromophore, thus requiring the addition of a ‘marker’ for
V spectroscopic analysis. In addition, it can be hard to acquire suf-
cient quantities of data on cyclodextrin-based complexes using
hromatography, as these interactions are comparatively weak in
ature [37].

Calorimetry provides many advantages over alternative meth-
ds to fully characterise the thermodynamic processes involved in
he complexation event. Uniquely, the change in enthalpy (�H)
ssociated with the formation of the complex can be measured
irectly. This, combined with the equilibrium constant, can pro-
ide thermodynamic information including changes in the Gibbs
ree energy, entropy and heat capacity for any guest–macrocyclic
igand interaction [41]. In particular, microcalorimetry intro-
uces significant advantages when attempting to characterise
omparatively weak interactions, such as those encountered in
his work. Isothermal titration calorimetry (ITC) is a differen-
ial technique incorporating direct enthalpic measurement as two
olutions are mixed and they subsequently interact [42]. Despite
he significant benefits offered by ITC in determining thermo-
ynamic information for drug–cyclodextrin complexes, little has
een reported in this area [10]. This is particularly surprising
onsidering the importance of understanding the complexation
rocess as this is undoubtedly linked with the subsequent drug
elease in vivo. It is envisaged that by investigating and char-
cterising the thermodynamics of the initial complex formation
vent in vitro it will be possible to tailor the final drug dissolu-
ion profile, and thus maximising the efficacy of the pharmaceutical
ormulation.

The work presented here is an investigation into the potential

pplication of ITC to thermodynamically differentiate the complex
ormation for three guest molecules of pharmaceutical interest
ith two distinct forms of cyclodextrin over a range of temper-

tures. The complex formation event for the initial binding process
n vitro is considered in the knowledge that the cyclodextrin will
flurbiprofen (c). All compounds were racemic mixtures.

subsequently release the drug in vivo, thus justifying the inclusion
of studies at the relevant physiological temperature (310 K).

2. Materials and methods

2.1. Materials

�-Cyclodextrin, 2-(hydroxypropyl)-�-cyclodextrin, ibuprofen
(Fig. 1a), ketoprofen (Fig. 1b), sodium dihydrogen phosphate
and disodium hydrogen phosphate were purchased from Sigma
(Dorset, UK). Flurbirpofen (Fig. 1c) was purchased from TCI Europe
(Zwijndrecht, Belgium). All reagents were of 99+% purity, racemic
and used as received.

2.2. Method

All ITC experiments were conducted using a MicroCal VP-ITC
MicroCalorimeter. The sample and reference cells were enclosed in
an adiabatic outer shield jacket and were, during all experiments,
completely filled. It should be noted that the sample cell fill volume
was 1.8 mL with a 1.4 mL working cell volume. Experiments initially
involved a primary temperature equilibration period for the sample
in the cell, followed by a secondary equilibration with the syringe
in place. Periodic calibration was conducted to confirm the validity
of the data produced in this work with all calibration results in an
acceptable range. Chemical calibration utilised the complex forma-
tion between barium and 1,4,7,10,13,26-hexaoxacycloöctadecane
(18-crown-6). For all experiments the reference cell was filled
with degassed pH 8 phosphate buffer with no significant differ-
ence in mass recorded before and after degassing. Stirring speed
was maintained at 300 rpm to ensure thorough mixing through-
out the experiment. Twenty-nine consecutive injections were then
injected into the sample cell, each of 10 �L volume with suffi-
cient time allowed between injections. Drug concentrations in the
syringe varied in the range 0.01–0.03 M with cyclodextrin concen-
trations in the sample cell in the range 0.0005–0.001 M. Software
provided with the VP-ITC (Origin) was used to analyse the data
using standard fitting models to calculate reaction stoichiometry
(n), binding constant (Kb) and enthalpy (�H). The change in Gibbs
free energy was calculated using the derived Kb value and the van’t
Hoff isotherm with the change in entropy subsequently calculated
using the established equation (Eq. (1)).

�G = �H − T�S (1)

All six possible drug–cyclodextrin complexes were each studied
at three temperatures, namely 298, 303 and 310 K to determine the
significance of temperature on the complex formation. All exper-
iments were repeated in a minimum of triplicate for statistical
validation with the contributions from heats of dilution subtracted
from all isotherms.
3. Results and discussion

ITC was used to determine the stoichiometry (n), binding
constant (Kb) and change in enthalpy (�H) for a total of 18 com-
plexation events. From these values it was possible to calculate
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Fig. 2. An example of experimental data acquired using ITC for the binding of
ibuprofen with �-cyclodextrin at 310 K in pH 8 phosphate buffer together with the
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experimentally determined binding constant. Moreover, for the
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orresponding binding isotherm.

ssociated thermodynamic properties, i.e. changes in Gibbs free
nergy (�G) and entropy (�S) for each complex formation. Exper-
mental data for a typical ITC result can be seen in Fig. 2 alongside
he corresponding binding isotherm.

The titration curve displayed in Fig. 2 is for the binding of
buprofen with �-cyclodextrin at 310 K and can be seen to reach sat-

ration, at which point the cell signal can be solely ascribed to the
nthalpy of dilution. Fig. 2 also includes the binding isotherm from
hich the stoichiometry, binding constant and change in enthalpy
ere determined. Using these data, the van’t Hoff isotherm and Eq.

able 1
ata for the three drugs complexed with the two forms of �-cyclodextrin at three temper

s an average of a minimum of three repeat experiments.

Drug Cyclodextrin Temperature (K) Drug:CD ratio

Ibuprofen �-CD 298 1:1
303 1:1
310 1:1

2-(Hydroxypropyl)-�-CD 298 1:1
303 1:1
310 1:1

Ketoprofen �-CD 298 1:1
303 1:1
310 1:1

2-(Hydroxypropyl)-�-CD 298 1:1
303 1:1
310 1:1

Flurbiprofen �-CD 298 1:1
303 1:1
310 1:1

2-(Hydroxypropyl)-�-CD 298 1:1
303 1:1
310 1:1
Acta 511 (2010) 102–106

(1) facilitated the elucidation of the full thermodynamic profile for
this particular scenario. A similar approach was then adopted for
other permutations considered in this work.

Previously, only the interaction of flurbiprofen and �-
cyclodextrin at 298 K in pH 8 buffer has been published with
an enthalpy of −17 kJ mol−1[10]. For this particular process we
obtained values of −15 kJ mol−1 across the range of temperatures
studied which correlates well with the published enthalpy and sug-
gests an unchanged binding mechanism. The trend for the binding
constant of this system to decrease with an increase in experi-
mental temperature is also in agreement with published values. In
addition, experimental data has recently been published for ibupro-
fen and �-cyclodextrin at 298 K [43] which again provided similar
values to those presented in this work with the small discrepancy
between enthalpic and binding constant values, a consequence
of the difference in aqueous buffer composition and pH. In this
work several variables have been systematically considered: the
choice of drug, the choice of cyclodextrin and the experimental
temperature. A summary of the calorimetrically measured and sub-
sequently calculated values is presented in Table 1.

In all scenarios investigated it can be clearly seen that the stoi-
chiometry remains constant as a 1:1 ratio despite differences in the
sizes of the drug molecules (from comparatively small ibuprofen to
the larger ketoprofen) and the degree of steric hindrance of the two
cyclodextrins.

The derived binding constant (Kb) can be represented by the
following equation for a drug binding with cyclodextrin (CD) (Eq.
(2)):

DRUG + CD � DRUG × CD (2)

Kb = [DRUG × CD]
[DRUG][CD]

(3)

For ketoprofen (log P = 0.97 [44]) at 298 K, the binding con-
stant is 1.09 × 103 dm3 mol−1. For ibuprofen (log P = 3.6 [44]) at
298 K, the binding constant is 8.34 × 103 dm3 mol−1, while for
flurbiprofen (log P = 4.2 [45]) at 298 K, the binding constant is
14.93 × 103 dm3 mol−1. Based on these data, there is a clear cor-
relation between the lipophilicity of the drug molecule and the
ketoprofen and ibuprofen variations of the experimental temper-
ature from 298 to 303 to 310 K result in only a small change in
the binding constant, whereas for flurbiprofen a more pronounced
trend of decreasing binding constant with increasing temperature

atures using ITC including apparent thermodynamic properties. All data presented

103Kb (dm3 mol−1) �H (kJ mol−1) �G (kJ mol−1) �S (kJ K−1 mol−1)

8.34 (±0.6) −10.6 (±0.4) −22.4 (±0.2) 0.04 (±0.002)
6.72 (±0.3) −12.2 (±0.6) −22.2 (±0.1) 0.03 (±0.002)
9.51 (±0.5) −12.8 (±0.2) −23.6 (±0.3) 0.03 (±0.002)
1.58 (±0.1) −7.2 (±0.3) −18.2 (±0.1) 0.04 (±0.002)
2.10 (±0.8) −8.9 (±1.0) −19.3 (±0.8) 0.03 (±0.002)
2.52 (±0.7) −11.1 (±1.1) −20.2 (±0.9) 0.03 (±0.002)

1.09 (±0.1) −14.2 (±1.1) −17.3 (±0.1) 0.01 (±0.001)
1.14 (±0.1) −16.0 (±0.5) −17.7 (±0.2) 0.01 (±0.002)
1.14 (±0.1) −17.4 (±0.1) −18.1 (±0.1) 0.01 (±0.001)
0.48 (±0.1) −10.2 (±0.1) −15.3 (±0.5) 0.02 (±0.001)
0.72 (±0.1) −10.8 (±0.9) −16.7 (±0.1) 0.02 (±0.002)
0.82 (±0.1) −12.9 (±0.2) −17.3 (±0.1) 0.01 (±0.001)

14.93 (±0.6) −15.1 (±1.4) −23.8 (±0.1) 0.03 (±0.002)
8.83 (±0.8) −15.0 (±1.9) −22.9 (±0.6) 0.03 (±0.002)
5.44 (±0.4) −15.0 (±0.6) −22.2 (±0.1) 0.02 (±0.002)
5.29 (±0.1) −15.8 (±0.1) −21.2 (±0.1) 0.02 (±0.002)
6.46 (±0.1) −16.8 (±0.1) −22.1 (±0.1) 0.02 (±0.001)
6.53 (±0.1) −18.5 (±0.2) −22.6 (±0.1) 0.01 (±0.001)
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s observed. The aforementioned positive correlation between the
og P of drug substance and binding constant may well be a reflec-
ion of the greater affinity of the lipophilic compounds towards
he less polar internal cavity of cyclodextrin as compared with
ater. For ketoprofen the binding constant appears to remain

tatic over the temperature range studied. For ibuprofen, the trend
n binding constants with temperature is also largely unchanged

ithin experimental error. Therefore, in both cases temperature
as a minimal effect on the equilibria for the formation of the
rug–cyclodextrin complex. At all temperatures, there is signifi-
antly more complexed flurbiprofen than free drug. However, at
levated temperatures this trend implies that more drug exists
ncomplexed in the aqueous environment.

As expected, the same trends are observed for the apparent
hanges in Gibbs free energy for the �-cyclodextrins, based on their
etermination from the van’t Hoff isotherm. Overall, all changes in
ibbs free energies are negative and thus favour complex forma-

ion.
Overall, the binding constants appear smaller for 2-

hydoxypropyl)-�-cyclodextrin compared with �-cyclodextrin.
gain, binding constants increase with increasing lipophilicity of

he drug substance. No similar trend in decreasing binding constant
ith increasing temperature was observed for flurbiprofen with

-(hydroxypropyl)-�-cyclodextrin. With respect to the changes
n Gibbs free energies for the 2-(hydroxypropyl)-�-cyclodextrins,
hey are all negative, yet less so than the values observed for the
-cyclodextrins.

With respect to changes in enthalpy it can be seen that for
ll complexation events a significantly negative value is observed
nd it can therefore be said that the process is exothermic and
nthalpically driven. The magnitude of the values is as expected
or such complexation phenomena [10]. The exception is once
gain flurbiprofen, where there is no variation in enthalpy change
or the �-cyclodextrin over the temperature range and for 2-
hydroxypropyl)-�-cyclodextrin, the enthalpy for the process is
lightly larger and increases with temperature. In addition to
ipophilic differences, alternative explanations for the unique
ehaviour of flurbiprofen can be hypothesised. For example, the
resence of fluorine within the compound may have a subsequent

mpact on hydrogen bonding potential both with water and the
ost cyclodextrin. For all scenarios it can be seen that the change

n entropy is comparatively small.

. Conclusions

In summary, this work presents data concerning the thermody-
amic processes associated with the complexation of three drugs of
iffering lipophilicity with two forms of cyclodextrin over a range
f temperatures. Analysis of the data confirms that all complexes
re formed in a 1:1 stoichiometric ratio and furthermore, suggests
hat there is a positive correlation between drug lipophilicity and
he measured binding constant. In general, all complexes formed
ere thermodynamically favourable, i.e. all displayed a negative

hange in Gibbs free energy. Overall, the most favourable complex-
tion process was that for flurbiprofen and �-cyclodextrin at 298 K
�G = −23.8 (±0.1) kJ mol−1). In addition, it is an enthalpic rather
han an entropically driven complex formation process.

In conclusion, ITC offers the potential for an informed excipi-
nt choice based on an understanding of the relationship between
hermodynamic parameters and their relationship with drug

ipophilicity, i.e. ITC may help in the selection of specific drugs

ith natural or derivatised cyclodextrins from a range of possibili-
ies based on the acquisition of thermodynamic data. This tailored
election process could ultimately help in the development of supe-
ior pharmaceutical formulations with optimal drug release.
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