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Abstract Cyclodextrins (CDs) are cyclic oligosaccha-
rides that form inclusion complexes with lipophilic mole-
cules through their hydrophobic central cavity. In this
study, the effect of a-CD, hydroxylpropyl-5-CD (HP-f-
CD) and mixtures of these two CDs on the aqueous solu-
bility of cyclosporine A (CyA) was investigated. Infrared
spectroscopy and thermal analysis were used to confirm
CyA-CD complex formation. CyA aqueous solubility was
increased by 10 and 80 fold in the presence of «-CD and
HP f-CD, respectively. The phase-solubility profile for
HP-$-CD was linear while that for «-CD had positive
deviation from linearity. In the presence of constant con-
centration of «-CD (15% w/v), aqueous solubility of CyA
was further increased upon addition of HP-$-CD up to a
concentration of 20% w/v. At higher HP-$-CD concen-
trations, aqueous solubility of CyA was observed to de-
crease. Addition of sodium acetate (up to 5% w/v) to
aqueous solutions containing 20% w/v HP-$-CD and
increasing concentrations of «-CD resulted in a significant
reduction in CyA solubility. Complex formation between
CyA and both o-CD and HP--CD was confirmed by dif-
ferential scanning calorimetry (DSC). No significant

B. Malaekeh-Nikouei (D<)

Pharmaceutics Department, Faculty of Pharmacy and
Pharmaceutical Research Centre, Mashhad University of
Medical Sciences, Buali Sq., P.O. Box 9196773117, Mashhad,
Iran

e-mail: bmalaekeh @yahoo.com

H. Nassirli
Analysis Laboratory, Pharmaceutical Research Centre, Mashhad
University of Medical Sciences, Mashhad, Iran

N. Davies
School of Pharmacy, University of Queensland, Brisbane,
Australia

changes were observed in the IR spectra of either CyA or
CD following complex formation suggesting chemical
interaction between CyA and the CD was unlikely. Phase-
solubility studies showed that «-CD had a much greater
effect on the solubility of CyA than HP-$-CD. Addition of
HP--CD to aqueous solutions of «-CD affected the solu-
bility of CyA in these systems. A mixture of 15% w/v
a-CD and 20% w/v HP-$-CD was optimal for increasing
aqueous solubility of CyA.

Keywords Cyclosporin A - Cyclodextrin - Aqueous
solubility - Phase solubility

Introduction

Cyclosporine A (CyA) is a poorly water-soluble, cyclic
undecapeptide having immunosuppressive properties [1,
2]. It is used to prevent rejection of transplanted organs
such as kidney, liver and bone marrow, and in the treatment
of selected autoimmune disorders such as uveitis, rheu-
matoid arthritis and early treatment of type I diabetes [3,
4]. Due to its relatively high molecular weight, lipophilicity
and poor aqueous solubility, oral absorption of CyA is low
and highly variable [5, 6]. As such, the current formulation
of CyA for oral administration (Neoral®) is one which
spontaneously forms a microemulsion in an aqueous
environment [7]. For the injectible formulation (Sandim-
mune®), Cremophor EL is used for solubilising CyA
which has the associated side effects of nephrotoxicity,
anaphylactic hypersensitivity reactions, hyperlipidaemia,
abnormal lipoprotein patterns, aggregation of erythrocytes
and peripheral neuropathy [8].

A family of compounds which have been extensively
investigated and used to increase the aqueous solubility of

@ Springer



246

J Incl Phenom Macrocycl Chem (2007) 59:245-250

poorly water-soluble compounds are the cyclodextrins.
Cyclodextrins (CDs) are cyclic oligosaccharides with a
hydrophilic outer surface and a hydrophobic central cavity.
The most common naturally occurring CDs are o-CD, f-
CD and y-CD, consisting of six (hexamer), seven (hept-
amer) and eight (octomer) (a-1,4)-linked «-D-glucopyra-
nose units, respectively [9—12]. Apart from these naturally
occurring CDs, many CD derivatives have been synthe-
sized such as hydroxypropyl-$-CD as a more water-soluble
derivative of f-CD [11, 12]. Cyclodextrins are able to form
inclusion complexes with many compounds by taking up
the drug molecule in whole or part into the cavity [9, 10].
Complex formation is influenced by both the chemical
structure and the physicochemical properties of the com-
pound as well as the type of CD used [9].

Complexation of drug affects many physicochemical
properties of a drug. The aqueous solubility of a drug-CD
complex in particular, can be dramatically different to that
of the free drug and as such CD complexation can be used
to increase the oral bioavailability of poorly water-soluble
compounds or in the formulation of aqueous-based injec-
tibles [10]. Complexation can also be used to protect a drug
against both chemical and enzymatic degradation [10, 13].
As no primary bonds are formed between the CD and the
complexed molecule, the complex can dissociate upon
dilution, or the molecule can by displaced by a more
suitable guest or transferred to a matrix for which it has a
higher affinity, such as a biological membrane [14].

The aim of this study was to evaluate the effect of «-CD,
HP-f-CD and a mixture of these two CDs on the aqueous
solubility of CyA. Phase solubility studies were conducted
in the absence and presence of sodium acetate as a com-
peting guest to determine inclusion or non-inclusion effects
[15]. Complementary studies were also conducted using
infrared (IR) spectroscopy and differential scanning calo-
rimetry (DSC) to investigate CyA and CD interactions.

Materials and methods
Materials

CyA was purchased from LC laboratories (USA). «-CD,
HP-f-CD and sodium acetate were obtained from Ameri-
can Maize-Products Company (USA), Roquette (France)
and Sigma (USA), respectively. All materials were of
analytical grade unless otherwise stated.

Phase-solubility analysis
For phase-solubility analysis, solutions of o-, HP-f- and

mixtures of - and HP-S-CD with different concentrations
(0-20% w/v) in water or in the presence of sodium acetate
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(1, 2, 5% wlv) were prepared and an excess amount of CyA
powder added. The vials were placed on a longitudinal
rotator (Rotek, Australia) and rotated at room temperature
for 7 days. Following this equilibration period, the systems
were filtered through a 0.45 pm membrane filter and the
concentration of CyA in the filtrate was analysed using
high-pressure liquid chromatography (HPLC). In all cases,
solubility determinations were carried out in triplicate.

HPLC assay

Quantitative determinations were performed by HPLC
(Shimadzu, Japan) using a C18 column (Alltech, USA) and
measured at a detection wavelength of 214 nm. The mobile
phase composed of 90% methanol and 10% water and was
used at a flow rate of 1.5 mL/min. The injection volume
was 20 pL.

DSC studies

DSC was carried out using a DSC apparatus equipped with
STARE software (METTLER TOLEDO SW7.01, Swit-
zerland). Thermogram of different samples (CyA, freeze
dried «-CD, HP -CD and CD complexes) were collected
using 5-10 mg of samples placed in sealed aluminium
crucibles and heated from 25 to 250 °C at 10 °C/min under
a nitrogen atmosphere. Empty 40 pL crucibles were used
as reference.

IR studies

IR spectra of different samples (CyA, freeze dried a-CD,
HP f-CD and CD complexes in potassium bromide) were
recorded using a Unicom SP 1100 spectrometer (England)
equipped with ABZARDADEH software. Spectra were

collected over the range 500-4000 cm™".

Results
Phase solubility analysis

Figure 1 shows that the solubility of CyA in water in-
creased linearly with increasing concentration of HP-f-CD.
However, the relation between «-CD concentration and
aqueous solubility of CyA was non-linear with the profile
showing positive curvature. «-CD was more effective than
HP f-CD in increasing the aqueous solubility of CyA and
the solubility enhancing effect was observed up to a con-
centration of 15% a-CD beyond which no further increases
in solubility were observed. The profile for a system con-
taining increasing concentrations of «-CD and 20% w/v
HP--CD was similar to that for «-CD except that the
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Fig. 1 Effect of different concentrations of «-CD, HP-$-CD and
mixture of CDs on aqueous solubility of CyA (Mean + SD, n=3)

aqueous solubility of CyA in the mixture was in all cases
greater than that in the presence of «-CD alone.

The aqueous solubility of CyA in systems containing
increasing concentrations of «-CD together with either 10%
or 20% w/v of HP-f-CD are reported in Table 1. In all
cases, solubility of CyA was greater in systems containing
20% wiv HP-$-CD (p < 0.05). Figure 2 shows the aqueous
solubility of CyA in a system containing 15% w/v a-CD
and various concentrations of HP--CD (the concentration
of a-CD was chosen based on the results reported in
Table 1). Solubility of CyA was observed to increase up to a
HP--CD concentration of 20% w/v after which solubility
of CyA decreased. Aqueous solubility of CyA was
3.895 £ 0.039, 4.209 £ 0.090, 4.114 = 0.169, 3.956 +
0.018 and 3.478 + 0.011 mg/mL in systems containing
15% w/v o-CD and 10, 20, 30, 40, 50% HP-[-CD, respec-
tively. No statistical difference was observed in the systems
containing either 20 or 30% HP--CD (p > 0.05).

As reported in Table 1 and Fig. 2, the highest aqueous
solubility of CyA was observed in systems containing 15%
o-CD and 20% HP-S-CD. In this case, aqueous solubility
of CyA increased from 0.042 + 0.001 mg/mL in the
absence of CD to 4.203 + 0.126 mg/mL representing a
100-fold increase.

As shown in Figs. 3 and Fig. 4, the aqueous solubility of
CyA in the presence of either o-CD or mixtures with HP-f-
CD was decreased significantly upon addition of sodium
acetate to the systems. The magnitude of the effect was
related to the concentration of sodium acetate added (either
1 or 5% w/v). For example, the aqueous solubility of CyA
in the presence of 15% «-CD and 20% HP-$-CD was

Ag. Sol. (mg/ml)

3, = e
0% 10% 20% 30% 40% 50%

Fig. 2 Effect of different concentrations of HP-$-CD on aqueous
solubility of CyA in the presence of 15% W/V «-CD (Mean + SD,
n=3)
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Fig. 3 Effect of different concentrations of «-CD on aqueous
solubility of CyA in the presence of 20% w/v HP-f-CD and different
concentrations of sodium acetate (Mean = SD, n=3)

decreased from 4.3 mg/mL to 2.7 and 1.7 mg/mL by
adding 1 and 5% w/v sodium acetate respectively. In all
cases, the effect of sodium acetate on aqueous solubility
was significant (p < 0.05).

DSC studies

Thermograms of CyA, o-CD, HP-$-CD and their com-
plexes are reported in Fig. 5 and Fig. 6. CyA showed an
endothermic peak at 130 °C. «-CD showed endothermic
events at 78, 110 and 130 °C while HP-f-CD showed a
broad peak between 30 and 120 °C. The isolated a-CD-
CyA and HP-B-CD-CyA complexes did not show any
significant thermal events over the temperature range
studied confirming complexation between CyA and the two
cyclodextrins.

Table 1 Effect of «-CD and

HP-$-CD mixtures on aqueous @ + 10% HP-f-CD

Agq. sol. (mg/mL)

o- + 20% HP--CD Agq. sol. (mg/mL)

solubility of CyA (Mean £ SD, 54, 0.997 + 0.076 5% 1.119 + 0.026
n=3 10% 1.900 + 0.235 10% 2268 = 0.019
15% 3.895 + 0.039 15% 4209 + 0.090
20% 3.950 + 0.025 20% 4.166 + 0.050
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Fig. 4 Effect of different concentrations of HP--CD on aqueous
solubility of CyA in the presence of 15% w/v o-CD and different
concentrations of sodium acetate (Mean + SD, n=3)
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Fig. 5 DSC thermograms of (A) CyA, (B) a-CD, (C) «-CD- CyA
complex
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Fig. 6 DSC thermograms of (A) CyA, (B) HP-$-CD, (C) HP-$-CD-
CyA complex

IR studies

The infrared spectrum of CyA showed intense amide and
carbonyl bands at 1627 cm™" and at 2930 cm™'. ¢-CD had
two bands at 1630 cm™! (C-O band) and 2915 cm™! (ali-
phatic C-H band) and a broad band between 3200-—
3600 cm™'. The a-CD-CyA complex showed similar bands
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to o-CD at 1635 and 2925 cm™. The spectra of HP-$-CD
and HP-$-CD-CyA complex showed bands at 1627 cm™
(C-O band) and 2922 cm™ (aliphatic CH), and 1633 and
2920 cm™', respectively. Thus no significant shifts in the
bands were observed between the free compounds (CyA or
CD) and the isolated complexes (data not shown).

Discussion

o-CD was found to be more effective than HP-f-CD in
increasing the aqueous solubility of CyA. The cavity of
a-CD (4.7-5.3 A) is smaller than that of HP-S5-CD (6.0—
6.5 A) [12, 16]. Considering that CyA has a cyclic struc-
ture with pendant aliphatic groups including methyl, propyl
and butyl, the smaller cavity of «-CD may be better suited
for interaction with these small aliphatic groups resulting in
higher order complexes with regards to CD as suggested by
the positive deviation from linearity as observed in the
phase solubility profile for CyA and o-CD [12, 17, 18]. In
contrast, a linear phase solubility profile was observed for
CyA and HP--CD (at least up to 20% w/v cyclodextrin)
suggesting the formation of 1:1 inclusion complex or at
least complexes that are first order with respect to HP-f-
CD. It is possible that HP-B-CD either forms weaker
inclusion complexes with the small pendent aliphatic
groups of CyA or interacts at a different site, for example
the C6 pendant chain. A synergistic effect on the aqueous
solubility of CyA was noted for mixtures of «-CD and HP-
p-CD. The synergistic rather than simply additive effects
noted for the mixture would suggest a more complex
mechanism for their combined interaction over competitive
complexation of the small aliphatic groups or complexation
of additional groups by HP-f-CD.

The phase solubility profile for o-CD was observed to
plateau out at 2.96 mg/mL at concentrations of greater than
15% w/v CD. This represents the solubility limit of the
a-CD/CyA complex and is similar to the aqueous solubility
of a-CD being 14.6% w/v [12]. A similar plateau at an
equivalent «-CD was observed in the presence of 20% HP-
p-CD. Interestingly, the solubility of CyA decreased in
systems containing concentrations of HP-S-CD greater
than 20%. This may result from the formation of CD
aggregates at higher concentrations which may affect their
ability to interact with the hydrophobic pendant groups of
the CyA [19].

The results for the affect of «-CD and HP-B-CD
observed in the present study are slightly different to those
which have been previously reported. For example, the
aqueous solubility of CyA in the presence of 10% w/v
o-CD and 10% w/v HP-$-CD was reported to be 1.88 mg/
mL [20] and 0.09 mg/mL [15], respectively. In this study,
the observed solubilities at this concentration of CD were
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1.37 and 0.24 mg/mL respectively. The difference between
observations is likely to be due to the different method of
preparation of the complexes.

Although it is well documented that CDs increase the
solubility of poorly water-soluble compounds by the for-
mation of inclusion complexes [21, 22], recent studies have
also demonstrated that CDs can increase solubility by non-
inclusion effects by the formation of micellar structures [15,
23]. For example, in a study by Loftsson et al. to evaluate
the effect of 10% w/v HP-f-CD solution on aqueous solu-
bility of CyA, it was reported that the aqueous solubility of
CyA was increased in this system by addition of the com-
petitive guest cholesterol. They proposed that association of
cholesterol/HP--CD complexes occurred forming water
soluble microaggregates which could then solubilise the
CyA through non-inclusion complexation [15]. It has also
been reported that organic cations and anions like acetate or
hydroxy acids (such as citric acid) can also increase the
solubility of drug-CD complexes by formation of ternary
drug-CD-acid or base complexes [9, 15].

In the present study, the addition of sodium acetate to
systems containing increasing concentration of «-CD and
HP-f-CD resulted in a decrease in the solubility of the CyA
with the shape of the phase solubility profile changing from
positive deviation from linearity to a more linear profile.
The positive deviation from linearity of the phase solubility
profile is related to higher order complexes formed be-
tween «-CD and probably the many small (C1-C3) ali-
phatic pendant groups present on the cyclic CyA.
Considering that the acetate ion also has a methyl group
then the decreased solubility of CyA observed for systems
containing «-CD is likely to be due to competitive com-
plexation by the acetate ion. This is in contrast to the work
reported by Loftsson in 2003 where the solubility of
hydrocortisone was increased in the presence of 1% sodium
acetate by what was described as non-inclusion effects
[15]. Tt is possible that the small size of the methyl group
present in the acetate ion is able to form complexes with
the smaller internal cavity of o-CD but is not suitable for
complex formation with the larger cavity of 5-CD. Hence,
when «-CD increases the solubility of compounds by
complexing with small alkyl groups then it can be expected
that solubility of the complex will decrease in the presence
of competitive organic ions such as the acetate. The non-
inclusion effects on enhancing solubility for acetate ions
observed in systems containing the larger f-CD may even
exist in the systems containing HP--CD and reported in
the present manuscript. Inspection of Fig. 3 shows
the phase solubility profile approaching linearity as was
observed for systems containing HP-S-CD alone. It is
proposed therefore that the results presented in Fig. 3 are a
result of a combination of effects with a decrease in solu-
bility resulting from competitive competition of the acetate

ion for the -CD (dominant effect) and an increase in the
solubility of the CyA/ HP-$-CD complex as a result of
non-inclusion effects (less dominant).

DSC is a powerful way to evaluate physicochemical
properties of drug and CD complexation [23]. The endo-
thermic peak of CyA at 130 °C is due to the semi-crys-
talline structure of the drug while the endothermic peak of
o-CD and HP-$-CD is due to water loss [24, 25]. These
peaks were not observed in isolated CyA/CD complexes.
Disappearance of these endothermic peaks is strong
evidence that inclusion complexes are formed between the
CyA and both CDs [23, 26, 27]. IR studies indicated no
significant spectral shifts for CyA-CD complexes sug-
gesting that there is no chemical interaction between CyA
and the CDs.

In conclusion, phase-solubility studies showed that
o-CD had a much greater effect on the solubility of CyA
than HP -CD. Addition of HP--CD to aqueous solutions
of a-CD affected the solubility of CyA in these systems. A
mixture of 15% w/v «-CD and 20% w/v HP--CD was
optimal for increasing aqueous solubility of CyA.
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