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Abstract

Equilibrium constants and standard molar enthalpies of reaction were determined by titration calo-
rimetry for the reaction of 1-butanol with 2-hydroxypropyl-B-cyclodextrin (HP-3-CD) in aqueous
solution at different concentrations of NaCl (0—1.9 M). The standard molar free energy and entropy
changes associated with the complexation were calculated from the corresponding equilibrium con-
stants, K, and standard enthalpies determined experimentally. In NaCl solutions the inclusion com-
plexes ButOH/HP-B-CD are more stable than in water and their stability increases at increasing
NaCl concentration; otherwise, the standard molar enthalpy associated to the formation of the com-
plexes does not change with the increasing of salt concentration. The dependence of K on NaCl con-
centration were used to evaluate the number of water molecules displaced from the hydration shells
of HP-B-CD and ButOH in forming complexes.
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Introduction

The use of cyclodextrins (CDs) as pharmaceutical excipients in the formulation of
poorly water-soluble drugs is particularly intriguing because of the ability of these
molecules to improve the pharmacological efficacy of the drugs [1, 2]. In fact, it has
widely been observed that the presence of CDs often produces an increase of drug
water solubility, bioavailability and stability.

These interesting properties are the result of CDs’ structure characterised by a to-
roidal shape with a hydrophilic outer surface and a hydrophobic central cavity which
make them water soluble and able to include molecules having suitable size and polarity.

Although the mechanism of CDs’ effects on drugs has not been fully explained,
it is known that CDs enhance the permeation of poorly soluble drugs through biologi-
cal membranes. They act as non-conventional penetration enhancers, by increasing
drug availability at the surface of biological membranes without disrupting the lipid
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layers. In particular CDs keep lipophilic drugs in solution and deliver them to the sur-
face of the biological membrane; here the drugs distribute between CDs and mem-
branes [3, 4]. According to this mechanism and to experimental evidence, the lowest
CD concentration necessary should be used to solubilize the drug; an excess amount
of CDs indeed leads to a decrease of the absorption of the drug [5]. Because the
amount of CD necessary to solubilize a given quantity of a drug decreases at increas-
ing of the value of the binding constant, a possible strategy for reducing the amount
of CD can be that of introducing in the formulation some substances which are able to
improve the efficiency of complexation of CDs. At this aim various water soluble
polymers have already been taken into consideration; in fact, they have shown to be
able to increase the stability constants of the CD-drug complexes [6—8]. Electrolytes
are another important class of substances that can be used for the same purpose. Re-
cently we have undertaken a systematic study on the effect of increasing salt concen-
tration on the complexation efficiency of CDs. In this contribution we present the re-
sults of the first system studied. It is composed by 2-hydroxypropyl-p-cyclodextrin
(HP-B-CD), one of the most used CDs’ derivatives in drug formulations [9, 10], and
1-butanol in aqueous solution of NaCl. The information obtained while studying this
system, besides being useful for the above stated applications, can also provide in-
sights into the molecular mechanism involved in the formation of the complexes.

Experimental

Materials

Hydroxypropyl-B-cyclodextrin (HP-B-CD) DS=5.6 and 1-butanol (ButOH) were
purchased from Aldrich and FLUKA respectively and used as received. Since
HP-B-CD is hygroscopic, the correct concentration value of each stock solution was
evaluated by using the procedure reported in literature [11]. NaCl (SigmaUltra) was
dried in an oven at about 620 K for 24 h. For each NaCl concentration a stock solution
was prepared with doubly distilled water. These solutions were used as solvent in the
preparation of HP-3-CD and ButOH solutions.

Calorimetry

Calorimetric measurements were performed using an LKB 2277 (TAM) microcalori-
meter equipped with a Thermometric 2250 titration unit. The isothermal titration calo-
rimeter (ITC) was calibrated electrically and its performance was tested as previously de-
scribed [12]. Each calorimetric titration consisted in three experiments. In the first one the
thermal effects (Qy) associated to 20 injections of 12 YL aliquots of a ButOH solution
(0.35 M) into the sample cell containing 1 mL of a HP-B-CD solution (0.02 M), was mea-
sured. These heats are the result of three contributes associated to the interaction of
ButOH with HP-B-CD (Q), to the dilution of the ButOH aqueous solution (Qgisuon)) and
to the dilution of the HP-3-CD aqueous solutions (Qgiup-g-cn)):

O1o= O+ Ouiiuiony T uilHp-p-cD) (1)
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The other two experiments were carried out to obtain the values of Qgisuon) and
Quiarr-p-cp) respectively in order to isolate from the total effect that associated to the inter-
action (Q). In particular the values of Qgisuomn) Were obtained measuring the thermal ef-
fects associated to 20 injections of 12 pL aliquots of a ButOH solution (0.35 M) into the
sample cell containing 1 mL of water or of a NaCl solution; whereas the values of
Quirr-p-cpy Were obtained measuring the thermal effects associated to 20 injections of
12 pL aliquots of water or of a NaCl solution into the sample cell containing 1 mL of a
HP-B-CD solution (0.02 M).

All measurements were performed at 298 K.

Treatment of the data

Calorimetric data were analysed using the treatment proposed by Eftink and Biltonen
[13].

According to this treatment and assuming the formation of a complex 1:1, Q,,
the sum of the heats Q associated to i injections of a solution of ButOH in a solution
of HP-B-CD, is proportional to 7y, the moles of HP--CD bound:

ny=0/AH’ )

where AH’ is the molar standard enthalpy of complexation. The moles, ny, of
HP-B-CD free in solution are given by the following equation:

n=[HP-B-CD]Vo-O/AH’ 2)

where [HP-B-CD]j is the initial concentration of HP-3-CD in the sample cell, before
the addition of the ButOH, and ¥} is its volume.
Using the Egs (1) and (2) to express the concentration of HP--CD free and
bound in Eq. (3), the association constant becomes:
0./0H°

K= (3)
[ButOH]([HP-B-CD], ¥, -Q,/AH )

The Eq. (3) can be rewritten in the following form which correlates experimental
data O'=Qy/([HP-B-CD]V;) with the concentration of ButOH free in solution ([ButOH]):
_ AH°K[ButOH]

o 1+K[ButOH] @

The [ButOH] is calculated by the following equation:

[ButOH]=[ButOH]—[ButOH],0'/AH" (5)

where [ButOH]r is the total ButOH molarity.

The values of AH" and K were obtained from Egs (4) and (5) by an iterative least
square method. The first values of [ButOH] were evaluated assuming that AH'=(Q'
that is the value of Q' at saturation at the end of the titration when CD is present in
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large excess. The iteration were stopped when two successive values of AH’ differed
by less than 2% as reported in literature [14, 15].

Results and discussion

The thermodynamic quantities associated to the formation of inclusion complexes
between 1-butanol and HP-B-CD in water and in aqueous solution of NaCl are pre-
sented in Table 1. All the equilibrium constants and standard molar enthalpies were
evaluated assuming a 1:1 binding model:

ButOH+HP-B-CDSHP-B-CD/ButOH (6)

Table 1 Thermodynamics parameters for the association between 1-ButOH and HP-3-CD at 298 K

[NaCl])/mol L™ KM AH"/K) mol ™ AG°/k) mol™ AS"/ mol ' K
0.000 8.7+1.1 10.620.3 ~53%0.3 53.440.6
0.184 9.3+1.1 10.5%0.2 ~5.5+0.3 53.740.5
0.357 10.5%1.2 10.5+0.2 ~5.8+0.3 54.7+0.5
0.539 11.8+1.1 10.440.3 —6.1+0.2 55.4+0.5
0.718 12.8+1.3 10.420.3 —6.3%0.2 56.0£0.5
0.907 14.0£1.3 10.420.3 —6.5%0.2 56.740.5
1.102 15.3+1.2 10.240.3 ~6.8+0.2 57.0%0.5
1.289 16.2+1.4 10.0£0.2 ~6.9+0.2 56.7+0.5
1.505 18.2+1.4 10.0£0.3 —7.240.2 57.7+0.5
1.702 19.2+1.6 10.0£0.2 —7.3+0.2 58.1+0.5
1.900 21.5%1.8 10.0£0.4 —7.620.2 59.1+0.6

This assumption was done in agreement with the binding processes in aqueous solu-
tions between CDs and alcohols having a chain composed by less than 7 carbon atoms
[16]. This hypothesis was also confirmed by the unfruitfull analysis of experimental data
carried out assuming a different stoichiometry. The values of the equilibrium constants
reported in Table 1 refer to observed equilibrium constants formulated in terms of con-
centrations of cyclodextrin and 1-ButOH complexed and uncomplexed as follows:

K=[HP-B-CD/ButOH]/[ButOH][HP-B-CD] (7)

The standard molar free energy and entropy changes associated to the complexa-
tion given in Table 1 were calculated from the corresponding equilibrium constants
and standard enthalpies determined experimentally.

To the best of our knowledge, there are no thermodynamic data in literature
about the formation of complexes between HP-B-CD and ButOH both in water and in
NaCl solutions. From a qualitative point of view, it is possible to compare our K and
AH? values and those relative to the natural B-CD in water. The two inclusion com-
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plexes are characterised by different equilibrium constants and standard molar
enthalpies. In particular the values of the equilibrium constant and of the standard
molar enthalpy of the inclusion complexes formed between 1-ButOH and natural
B-CD are (16+2) and (4.3+0.4) kJ mol ™' [16] whereas those relative to HP-B-CD are
(8.7%1.1) and (10.6+0.3) kJ mol ' respectively. As already reported in literature, the
substitution of one or more OH groups with other moieties produces important modi-
fications in the structure and behaviour of CDs [17]. In particular, the lower ability of
HP-B-CD to complex compared to the natural -CD could be due to the steric hin-
drance of the hydroxypropyl fragments placed close to the cavity entrance [18].

In NaCl solutions the inclusion complexes ButOH/ HP-B-CD are more stable than
in water and their stability increases at increasing NaCl concentration, while on the con-
trary, the standard molar enthalpy associated to the formation of the complexes does not
change with the increasing of salt concentration. Therefore the dependence of AG” on
NaCl concentration is the result of an increase of the entropic term.

The standard molar free energy changes evaluated by the K values, defined ac-
cording to (7), are a measure of the stability of the complexes ButOH/ HP-3-CD rela-
tive to that of the uncomplexed ButOH and HP-f3-CD in the solution where the com-
plexes are formed. The AG®, in fact, is the result of the differences in the molar free
energies of the pure species and in their interactions with other components of the so-
lution; therefore AG® is highly sensitive to solution composition [19]. In general, the
presence of electrolytes in solution can affect the interaction between two molecules
and therefore their ability to bind by means of different mechanisms. Neglecting the
effects due to a direct participation of ions, which are not important in the case of
binding between neutral molecules, the ions in solution produce changes in the di-
electric constant and in water activity [20]. The increase of the dielectric constant of
the medium, caused by the addition of NaCl, makes the electrostatic contribution,
which is one of the noncovalent interactions generally involved in the formation of
the inclusion complexes, less important [21]. The effect produced by the change in
water activity can be explained rewriting the equilibrium as follows:

HP-B-CD(H,0),+ButOH(H,0),5
ButSOH(H,0)p /HP-B-CD(H,0), y+(x+y)H,0 (8)

where a and b are the number of water molecules which constitute the hydration
shells of HP-3-CD and ButOH respectively; a includes also the number of water mol-
ecules located in the CD’s cavity. The coefficients x and y indicate the number of wa-
ter molecules which are released in the bulk water following the formation of the in-
clusion complex. The stoichiometry of participation of water can be estimated from
the dependence of K on salt concentration by the following simplified form of the
equation developed by Record et al. for analysing the effects of univalent salt on the
binding equilibria of proteins and nucleic acids [17-20, 22]:

dlogK/dlog[NaCl]=2(x+y)[NaCl]/[H,O] 9)
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In Eq. (9) it was assumed, as already stated, that there is not a direct involvement of
ions in the formation of the inclusion complexes. Furthermore, if (x+y), the number of
water molecules displaced in forming the complex, can be considered not depending on
concentration and nature of electrolyte, the approximate integration of Eq. (9) provides
the following equation which explain the dependence of K on the salt concentration:

logK=logKger ax+0.016(x+y)[NaCl] (10)

where Krgrmx is the binding constant in a hypothetical reference state at [NaCl]=1 where
(x+y)=0. Equation (10) sets up a linear dependence of logK on NaCl concentration, the
slope of which is correlated to the number of water molecules released in the bulk water.
The plot of logK vs. [NaCl], reported in Fig. 1, shows a linear correlation in agreement
with the one expected according to Eq. (10). The slope obtained by the linear regression
of data plotted in Fig. 1 was used to calculate the (x+y) value which resulted to be 13. The
obtained value is higher than the number of water molecules originally included in the
[B-CDs’ cavity which, not exactly known, has been evaluated to be 6-7 [21]. This result
indicates that an important role in the thermodynamics of the formation of the studied
complex is played not only by the release of water molecules originally present in the
CD’s cavity to the bulk water but also by a partial dehydration of the guest molecule.
These two processes can be considered responsible for the observed positive change in
the entropy of the system. Moreover, the increase of AS” at increasing NaCl concentration
can be explained taking into account the ability of NaCl to change the structure of water.
In particular in the water-rich region NaCl having chaotropic properties is a water struc-
ture breaker [23]. This means that water molecules in solution of NaCl are less structured
than in pure water. Consequently, the displacement of water molecules from an organised
structure, such as that present on hydrophobic surfaces, to the bulk water produces an in-
crease of entropy, the amount of which raises with the decreasing of the bulk water struc-
ture. Further evidence that the displacement of water molecules has a very important role
in the thermodynamics of the process is also given by the almost constant value of AH” at
different NaCl concentrations. In fact, if the change in enthalpy is essentially due to the
break of hydrogen bonds between ordered water molecules provoked by the formation of
the complex, the number of broken bonds should be almost constant at increasing of salt
concentration, producing only little changes in AH" [24].

14 T
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CNaCl""mOI L_l

Fig. 1 Plot of the dependence of logK on NaCl concentration (mol L ™)
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