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a b s t r a c t

In recent years cyclodextrins (CDs) have been acknowledged by the pharmaceutical industry as very
useful enabling excipients for solubilization and stabilization of drugs in aqueous formulations. Their
effect is however strongly influenced by other commonly used excipients. The purpose of this investiga-
tion was to examine the effects of excipients and drug combinations on the effects of CD solubilization
of drugs and drug availability. The model drug was dexamethasone, the competing drugs tested were
hydrocortisone, indomethacin and amphotericin B, and the sample CDs were �-cyclodextrin (�CD) and
2-hydroxypropyl-�-cyclodextrin (HP�CD). Benzalkonium chloride and hydroxypropyl methylcellulose
enhance the solubilizing effect of the CDs whereas in general EDTA decreased the effect. The effect of

 

second drug present in the aqueous formulation did depend on the affinity of that drug for the CD. Drugs
which readily formed complexes with the CDs (e.g. hydrocortisone) decreased their ability to solubilize
dexamethasone. Drugs that have little affinity for CDs (e.g. amphotericin B) did in some cases improve
the CD solubilization of dexamethasone. Flux diagrams obtained through semi-permeable cellophane
membrane indicated that drug/CD complexes self-assemble to form aggregates, especially at CD concen-
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Table 1
Physicochemical properties of the excipients and sample compounds (Lavasanifar et al., 2002; Moffat et al., 2004; Nokhodchi et al., 2005; Brewster and Loftsson, 2007).

Physicochemical properties (A)

Dexamethasone Hydrocortisone Indomethacin Amphotericin B �CD HP�CD a

Chemical structure

Molecular weight 392.5 362.5 357.8 924.1 1297.1 1576
Melting point (◦C)b 270 (dec.) 214 (dec.) 158 >170 (dec.) ≥200 (dec.) ≥200 (dec.)
pKa – – 4.5 5.5; 10 – –
Octanol/water partition coefficient 1.8 1.6 −1.0 (at pH 7.4) 0.8 −12 <−10
S0 (mg/ml) in water (at RT) 0.08 0.4 0.8 (at pH 7.2) 0.001 249 >500

Physicochemical properties (B)

Edetate disodium Benzalkonium chloride Hydroxypropylmethylcellulose

Chemical structure

Molecular weight 336.2 360 (average) 10,000–1,500,000 (approximately)
Melting point (◦C)b 252 (dec.) ≈40 190–200 (browns)
pKa 2.0; 2.7; 6.2; 10.3 – –
Octanol/water partition coefficient – 9.98 for C12; 32.9 for C14; 82.5 for C16

c –
S0 (mg/ml) in water (at RT) 96 Very soluble Varies with the viscosity

a Representative structure.
b Dec.: decomposition upon heating.
c Varies with the alkyl chain length of the homolo.
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Fig. 1. The effect of additives in aqueous CD solution on the solubility and the flux of dexamethasone through semi-permeable cellophane membrane MWCO 3500; (A) �CD;
(B) �CD/HP�CD (ratio 80:20); (C) �CD/HP�CD (ratio 20:80); (D) HP�CD; (�) EDTA (0.1%, w/v); (♦) BAC (0.02%, w/v); (�) HPMC (0.1%, w/v); (�) all excipients (i.e. in the aqueous
eye drop formulation).
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Table 2
HPLC conditions.

Drugs Mobile phasea Flow rate (ml/min) Wavelength (nm) Retention time (min)

Dexamethasone ACN:THF:water (33:1:66) 1.5 241 5.1
Dexamethasone Hydrocortisone ACN:THF:water (33:1:66) 1.4 241 and 254 5.1 and 3.0
Dexamethason 240 and 240 7.2 and 1.9
Dexamethason 241 and 403 4.4 and 3.1

a Volume ra ion; EDTA: aqueous disodium edetate dehydrate solution.
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e Indomethacin ACN:0.5% acetic acid (50:50) 1.5
e amphotericin B ACN:0.25 mM EDTA (37:63) 1.0

tios. ACN: acetonitrile; THF: tetrahydrofuran; acetic acid: aqueous acetic acid solut

), amphotericin B (AmB) and indomethacin (IDM) from
ouis, MO), �-cyclodextrin (�CD) and 2-hydroxypropyl-
rin (HP�CD) MS 0.6 (MW 1576 Da) from Wacker
unich, Germany), disodium edetate dehydrate (EDTA)

chloride (NaCl) from Merck (Darmstadt, Germany),
m chloride (BAC) and hydroxypropyl methylcellulose

C) from Sigma (St. Louis, MO), semi-permeable cello-
branes (SpectaPor®, molecular weight cut-off (MWCO)
Spectrum Europe (Breda, Netherlands). All other chemi-
ere of analytical reagent grade purity. Milli-Q (Millipore,

) water was used for the preparation of all solutions.

ity determinations

y of dexamethasone and in water or aqueous CD solu-
etermined by heating in autoclave (121 ◦C for 20 min)
nd Hreinsdóttir, 2006). Excess amount of dexametha-
dded to an aqueous solution containing 0–20% (w/v)
CD, pure HP�CD, or a mixture of �CD and HP�CD),
m chloride (0.02%, w/v), EDTA (0.1%, w/v) and/or

pyl methylcellulose (HPMC) (0.1% w/v), individual com-
ixtures thereof. The effect of HPMC on the solubility

hasone was determined in 0.10–0.75% (w/v) HPMC
pure water. The suspensions formed were heated in

t 121 ◦C for 20 min in sealed glass vials and then allowed
om temperature. Then small amount of solid drug was
e suspensions, pH adjusted to 7.4 with concentrated

droxide solution, and the suspension allowed to equi-
e resealed vials at room temperature (22–23 ◦C) for 7
constant agitation. Many drugs such as indomethacin

to exist in more than one polymorphic form and thus it
to add small amount of the solid drug to the test media
g. After equilibrium was attained, the suspensions were
h 0.45 �m membrane filters, the filtrates diluted with

se and analyzed by HPLC. The phase-solubility profiles
ined according to Higuchi and Connors (1965).

lexation of two different drugs was also investigated. In
cess of both dexamethasone and a second drug (hydro- Fig. 2. T
ndomethacin or amphotericin B) were simultaneously
e aqueous complexation media and the solubility of
determined as previously described, except when the
instable amphotericin B was present then heating in an
as replaced by heating in an ultrasonic bath at 60 ◦C for

content in aqueous �CD solution containing no additives and with additives; (�)
no additive; (�) EDTA (0.1% w/v); (♦) BAC (0.02%, w/v); (�) HPMC (0.1%, w/v); (�)
all excipients (i.e. in the aqueous eye drop formulation). The aqueous cyclodextrin
solutions were in all cases saturated with dexamethasone.

ives on dexamethasone CE using the CE obtained in aqueous complexation medium without additives as a reference.

�CDb HP�CD �CD/HP�CD

CE Ratio CE Ratio (80/20)b (20/80)

CE Ratio CE Ratio

0.14 ± 0.01 1.00 1.11 ± 0.05 1.00 0.62 ± 0.03 1.00 1.44 ± 0.02 1.00
0.12 ± 0.01 0.88 1.28 ± 0.02 1.15 0.52 ± 0.03 0.85 1.16 ± 0.03 0.81
0.21 ± 0.02 1.57 1.26 ± 0.01 1.14 0.71 ± 0.04 1.16 1.23 ± 0.03 0.85
0.17 ± 0.02 1.25 1.24 ± 0.03 1.11 0.69 ± 0.01 1.13 1.02 ± 0.01 0.71

PMC 0.27 ± 0.02 1.95 1.31 ± 0.02 1.18 0.87 ± 0.02 1.42 1.41 ± 0.01 0.98

tion of additives: EDTA 0.1% (w/v); BAC 0.02% (w/v); HPMC 0.1% (w/v).
from the initial slope of the Bs-type phase–solubility diagram (cyclodextrin concentration 7–23 mM).
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