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Abstract

The entrapment in multilamellar liposomes of the inclusion complexes of cyclodextrins with drugs sensitive to
hydrolysis, is being examined. The anti-inflammatory drug indomethacin (IND), rapidly hydrolyzed in alkaline media,
can be stabilized 75-fold when its inclusion complex with the hydroxypropylated derivative of f-cyclodextrin
(HPSCD) is entrapped in multilamellar liposomes. These liposomes were composed of egg phosphatidylcholine and
cholesterol of 1:1 molar ratio and were prepared according to the dehydration-rehydration method. The molar ratio
for the IND:HPSCD inclusion complex was estimated to be 1:1 using the continuous variation method based on the
'H NMR data. Furthermore, the binding constant (K,,) of the IND:HPSCD complex was estimated kinetically and
by 'H NMR. © 1998 Elsevier Science B.V. All rights reserved.
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1. Introduction

In aqueous solutions almost all of the drugs are
subject to some form of chemical degradation
and, frequently, the therapeutic activity is im-
paired by the drug instability (Loftsson and Brew-
ster, 1996). The most common consequence of the
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drug’s degradation is the loss of potency but in
some cases harmful degradation products may be
formed. For example, it is well known that allergy
is, in many cases, due to drug degradation prod-
ucts rather than to the drug itself. Various meth-
ods have been used to increase to some extent
drug stability in aqueous solvent systems such as
adjustments of pH of the aqueous solution, the
presence of drugs in buffered liposomal suspen-
sions, the complexation of drugs with various
cyclodextrins and the formation of gels or emul-
sions (Carstensen, 1990). However, there is a need
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to increase further the stability against hydroly-
sis, especially in therapeutics where a wide vari-
ety of drugs is administered in unstable forms.

A new approach, based on the entrapment of
cyclodextrin inclusion complexes of labile drugs
in multilamellar liposomes, greatly increases
their chemical stability (Gregoriadis and Loukas,
1994). It has been recently proposed that drugs
sensitive to light and photochemical oxidation,
such as riboflavin (Loukas et al., 1995a,b) and
sodium ascorbate (Loukas et al., 1996a) respec-
tively, exhibited a great increase in their stability
(270- and 125-fold, respectively) when entrapped
as cyclodextrin complexes in multilamellar lipo-
somes incorporating light absorbers (such as oil
red O, oxybenzone, deoxybenzone, sulisoben-
zone) and antioxidants (such as f-carotene) in
their bilayers.

In the present study, the stability of drugs
sensitive to hydrolysis is being examined. The
stability of the anti-inflammatory drug in-
domethacin, which is hydrolyzable in alkaline
buffered solutions, was increased 75-fold when
entrapped in multilamellar liposomes in the
form of a hydroxypropyl-f-cyclodextrin 1:1 in-
clusion complex. Previous efforts from the liter-
ature (Loftsson and Brewster, 1996) to stabilise
indomethacin have ended in a 6-fold increase in
its stability.

2. Experimental section

2.1. Materials and instrumentation

Indomethacin (IND) was purchased from
Aldrich (Dorset, UK) and HPSFCD from
Janssen (Beerse, Belgium). IND (free acid form),
converted into sodium salt by titration with
NAOH in H,O to pH 7.8 and the solution was
then freeze—dried. Double-distilled water was
used throughout. All other reagents were of an-
alytical grade. The kinetics of IND hydrolysis in
buffer solutions (pH 9, at 30°C), were per-
formed and monitored spectrophotometrically
(at 321.4 nm) in a Compuspec UV/visible spec-
trophotometer (Wallac) connected to a personal

computer. Calculation of the IND:HPSCD
binding constant in aqueous solution was car-
ried out by 'H-NMR spectroscopy. 'H-NMR
spectra were obtained in NaOD (pH 9, at 30°C)
recorded on a Brucker AM 500 spectrometer
connected to an Aspect 3000 computer. The
chemical shifts were related to the residual sol-
vent signal (hydrogen-deuterium chloride =4.84
ppm at 303 K). Typical conditions were 16 K
data points with zero filling, sweep width of 5
KHz giving a digital resolution of 0.61 Hz
point !, pulse width 4 us, acquisition time 1.64
s and number of scannings 16.

2.2. Preparation methods

The inclusion complex of IND with the
HPSCD derivative was prepared by the freeze-
drying method (Loukas et al.,, 1997). HPFCD
(0.08 mmol) were dissolved in 5 ml distilled wa-
ter and the clear solution was added dropwise in
an aqueous solution of IND (0.08 mmol in 5
ml) under continuous stirring. The mixtures
were allowed to stir in the absence of light at
room temperature and then filtered through a
0.22 ym membrane filter unit (Millex-HV, Mil-
lipore, Bedford, MA). The filtrates were freeze—
dried to yield amorphous powder.

Entrapment of IND in free or complexed
form, into liposomes was carried out by the
dehydration-rehydration method (Kirby and
Gregoriadis, 1984). Small unilamellar vesicles
(SUV) prepared at the appropriate temperatures
from PC (19 mmol) and equimolar cholesterol
were mixed with 1.9 mmol of free or complexed
IND dissolved in water and freeze—dried
overnight. The dry powder was subjected to
controlled rehydration at the same tempera-
tures, initially with water and finally with
0.1 M sodium phosphate buffer supplemented
with 0.9% NaCl, pH 7.4 (PBS) and centrifuged
at 27300 g for 20 min to separate the entrapped
from non-entrapped IND. The liposomal pellet
containing multilamellar dehydration-rehydra-
tion vesicles (DRV) was washed thrice in
PBS and resuspended in 4 ml PBS until further
use.
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Table 1

Entrapment values, hydrolysis rates and stabilization ratios of IND in DRV formulations exposed to pH 9
Sample Entrapment values (%) k (x10* min—") Stabilization ratio
IND — 462 1

IND:HPSFCD — 132 3.5

IND in DRV*# 41 21 22

IND:HPFCD in DRV* 24 6 75

IND:HPSCD in DRV® 15 15 31

2Composed of eggPC:cholesterol 1:1.
®Composed from eggPC:cholesterol 1:0.5.

2.3. Continuous variation method

A reliable determination of the IND:HPSCD
stoichiometry can be provided by the continuous
variation technique (Job plot, Connors, 1987),
based on the difference in chemical shift Aé
(A6 =9,— 0) of IND observed in the presence of
HPSCD. Equimolar solutions of IND and
HPSCD were prepared and mixed to standard
volume and proportions in order for the total
concentration to remain constant ([IND], +
[HPS CD], = M). A values in the preparations of
IND were calculated by measuring the chemical
shift of IND in the absence (J,,) and presence (J)
of HPSCD. Subsequently, A6[IND], was plotted
against r (r=([IND],)/(IND], + [HPS CD],)).
Generally, the concentrations of the free guest (G)
and the cyclodextrin (CD) in a 1:n inclusion com-
plex (G:CD,,) can be expressed as follows:

[G] = rM — [G:CD]
[CD] = M(1 — r) — n[G:CD]

For a given value of r, the concentration of the
complex G:CD will reach a maximum corre-
sponding to the point where the derivative
d[G:CD]/dr =0. Derivation of the above two
equations according to r give the following: d[G]/
dr=M and d[CD]/dr = — M. Rearrangement of
the above equations leads to a single solution: the
maximal absolute complex concentration is
reached for r = (n+ 1)~ ! and does not depend on
M or on the binding constant.

2.4. Kinetic studies

The kinetics of IND hydrolysis in free, com-
plexed and entrapped in liposomes forms, were
monitored spectrophotometrically. Buffered solu-
tions with constant concentration of IND either
in free form or in different formulations (Table 1)
were stirring in order to be homogeneous. At time
intervals, a standard proportion was withdrawn,
diluted to a standard volume and the decrease in
absorbance at 321.4 nm was measured spec-
trophotometrically. In the case of the formed
liposomes, the pellets were disrupted first using
isopropanol. Furthermore, the binding constant
for IND:HPSCD complex was calculated kineti-
cally in order to evaluate the values resulting from
the NMR studies. To this end, the hydrolysis
kinetics were performed in IND buffered solu-
tions containing increasing concentrations of
HPSCD.

3. Results and discussion

3.1. Determination of IND entrapped in DRV
liposomes

The isolated, from the preparation procedure,
pellets were first dissolved with isopropanol and
IND entrapment values were calculated by UV
spectrophotometry. Furthermore, the pooled su-
pernatants were measured for the unentrapped
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IND by disrupting possible small unilamellar vesi-
cles (SUV) with isopropanol. The three combined
supernatants were also measured by UV spec-
trophotometry. IND entrapment values (Table 1)
were calculated according to the formula:

L 100

Ap + As

where Ap is the absorbance of IND in the pellets
and Ay is the absorbance of non-entrapped IND
in the pooled supernatants, after a dilution correc-
tion to achieve identical dilutions for both 4, and
As.

% entrapment =

3.2. Determination of the complex stoichiometry

To determine the complex stoichiometry using
the continuous variation method, NMR spectra
were obtained for IND and HPS CD mixtures, in
which the total initial concentrations of the two
species were maintained constant but the ratio of
initial concentrations r (Section 2) varied between
0 and 1. If a physical parameter directly related to
the concentration of the complex (for instance the
chemical shift J) can be measured under these
conditions, and is then plotted as a function of r,
the maximal value for this parameter will occur at
r=m/m-+n, where m and n are IND and
HP/S CD proportions in the complex, respectively
(IND,,:HPSCD,). This means that if the complex
stoichiometry is 1:1 (m, n=1), the maximum
value for the examined parameter will be reached
at r =0.5; (if the complex stoichiometry is 1:2 the
maximum value will be reached at r =0.33). The
calculated quantities AJ[IND], are proportional
to the concentration of the complex, and can be
thus plotted against r. The resulting continuous
variation plot demonstrate that since the maxi-
mum has an r value of almost 0.5 for
IND:HPSFCD (Fig. 1), the complex has a 1:1
stoichiometry.

3.3. Hydrolysis studies

The hydrolysis of the entrapped IND in free or
complexed form is presented schematically in
Scheme 1. In the case of free IND, only the rate
constant k, is measured during the hydrolysis
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Fig. 1. Continuous variation plot (Job plot) of IND:HPSCD.

studies. In the case of the 1:1 IND:HPSCD inclu-
sion complex, a two-way reaction mechanism
(Scheme 1) is taking place, where k&, is the hydrol-
ysis rate constant for the free IND, k&, the hydrol-
ysis rate constant for the complexed IND and K,
is the binding constant for the formed complex.
Since the binding constant (K;;) gives an idea of
how ‘stable’ an inclusion complex is and plays a

K
N + 7 —— @
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Products

o
' ¢ > 2 ~""" aqueous
. % phase

bilayers

multilamellar DRV liposome

Scheme 1. Schematic representation of a DRV multilamellar
liposome, showing the degradation pathways inside the
aqueous phase. For simplification, the cholesterol molecules
are omitted.
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substantial role in interpreting the chemical stabil-
ity of the included drug, it must be calculated and
evaluated using different methods; for instance
low values for K;; (<100 M 1) give the idea of
a ‘weak’ complex, whereas high values (> 500
M ~ 1) give the idea of a ‘stable’ complex. Linear
models (Loukas et al., 1995c, 1994) and a recently
described (Loukas et al., 1996b) nonlinear one
(Eq. (1)), illustrate the kinetic behaviour of the
guest in the presence of CDs and are usually
solved using either linear regression or specific
algorithms, such as the Marquardt iterative al-
gorithm.

Ak,
Ak =K1 ——>
obs 11( Ak">

x <[HPﬁCD]t -

[IND]tAkobs>Ak (1)

Ak,
where

Ak s = ko — kops

and

Ak, =ky =k,

Eq. (1) correlates the initial total concentrations
[IND]] and [HPSCD], with the hydrolysis rate
constant k, of free IND and the observed rate
constant k.., in the presence of HPFCD the un-
known parameter K;; (950 M ') can be calcu-
lated according to this model.

3.4. Evaluation of the binding constants using
NMR

The binding constant K;; for the examined 1:1
complex (IND:HPSCD) was determined also by
"H NMR spectroscopy from the NMR spectra of
IND in the presence of increasing concentrations
of HPFCD (Fig. 2). During the complexation
procedure of IND with HPSCD, if only shifts of
the spectral lines are observed, due to fast averag-
ing by the exchange between free and complexed
states, then, for a signal belonging to IND, the
quantity AJ[IND], will be proportional to the
complex concentration [IND:HPSCD]. Correlat-
ing the Ad of a specific proton of IND (H6, Fig.

4
CH:Ows . s CHCOOH
2
[ TN CHs

7 1 "

14,18 15,17

a)

Fig. 2. Partial 500 MHz 'H NMR spectra of IND:HPSCD
mixtures: (a) 10 mM IND; (b) 7 mM IND and 3 mM fSCD;
and (¢) S mM IND and 5 mM SCD.

2) in the presence of HPSCD, using the Benesi-
Hildebrand graphical method, (Eq. (2)), the K,
(715 M~") was calculated from the slope
(K,;Aé,) ! and intercept (AS.) ~! of the resulting
line (not shown).

1 I I
A5 K, Ao, [HPECD], ' As.

()

Ad,=0,— 0., where J, and ¢, are, for a given
proton, the chemical shifts of IND in free and
complexed form.

From the calculated values of K;, using both
methods and the stability studies (Table 1) it can
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be concluded that IND:HPSCD is a ‘stable’ com-
plex and remains mostly in the form of a complex
inside the aqueous phase of the DR Vs, since there
is no competition for the hydrophobic cavity be-
tween the six-membered ring of the indole unit of
IND (Fig. 2) and the lipids polar heads (Scheme
1). Therefore, the increased size of the complexed
IND could be the main reason for the great
increase of its stability. The leaking rate of the
bulky complex from the DRVs is considerably
slower comparing to the leaking rate of the free
drug (Loukas and Gregoriadis, 1997). Further-
more, since the aqueous phases of DRVs are
almost neutral in pH (see above), the drug could
remain stable inside the DRVs. Hence, from the
above, it results that the higher the retention of
the drug in the DRVs the higher the stability.
Finally, from the data in Table 1 it is becoming
evident that the 1:1 molar ratio between egg PC
and cholesterol, produces the highest physical sta-
bility for the DRVs, comparing to DRVs with
1:0.5 egg PC:cholesterol molar ratio, as we have
concluded elsewhere. The role of cholesterol in the
present case could be to reduce the fluidity of the
lipids membrane reducing substantially the leak-
age of the entrapped materials. The described
system can present three lines of defense against
hydrolysis, through the presence of the lipid bilay-
ers in a hydrophobic assembly, the hydrophobic
cavity of the cyclodextrin harboring the unstable
compound and the considerable decrease in
IND:HPSCD leaking rate, probably due to the
enhanced size of the complex or to the possible
interaction (hydrogen bonds) between the lipids
polar heads and the external part of cyclodextrins.

In conclusion, the novel combination of these
two supramolecular systems (liposomes and cy-
clodextrins), dynamically increases the moderate
stabilizing effect of each one separately. Since
liposomes remain almost stable in the pH range of
the biological milieu, the described system could
play the ‘microreservoir’ role for sensitive to hy-
drolysis substances.
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