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Design and in vivo testing of 17B-estradlol-HPﬁCD sublingual tablets
HAFRUN FRIDAIKSDOTTIR', T. LOFTSSON‘. J. A.-GuDMUNDSSON?, G. J. BJARNASON®, M. KJeLp® and TANJA THORSTEINSSON?

17p-Estradiol is almost insoluble in water. The effect of various cyclodextrins and two different polymers. poly-
vinylpyrrolidone (PVP) and carbosxymethylcellulose {CMC). on the aqueous solubility of 17p-estradiol was investigated.
17p-Estradiol was dissolved in aqueous 50% w/v 2-hydroxypropyl-B-cyclodexlrin (HPBCD) solution containing 0.25%
w/v) CMC and the d 17B-estradiol-HPRCD complex formed by lyophilisation of the solution. Sublingual tablets from
; T S goasressiop. The dissolution of 17p-estradiol from tablets containing the drug

in a lyophilised HPBCD comp

tablets containing physical mixture of 17p-estradiol and HPPCD or tablets containing 178-estradiol without HPBCD.
Sublingual tablets containing 178-estradiol-HPRCD in the tyophilised complex demonstrated the fastest dissolution
profile and those tablets were selected for further studies in humans. Six pos(menopausal--women»received a sublingual
tablet containing 17p-estradiol-HPBCD complex equivalent 10 100 pg 17B-estradiol. Blood samples were collected over
a 12 h period and the 17§-estradiol plasma concentration was determinated. 178-Estradiol was rapidly absorbed from
the sublingual tablets, resulting in a peak 17B-estradiol plasma concentration of 363 + 97 pmolil 15 min afer
administration of the tablets, followed by a biphasic elimination.

Entwicklung und In-vivo-Testung von Sublingualtabletten mit l75—Estradiol-2-hydroxypropyl-ﬂ-cyclodextrin-Komplex

17p-Estradiol wurde in Gegenwart von wibriger 2-Hydroxypropyl-B-cyclodextrin(HPBCD)-Lésung (50%. wyv) und
von 0,25% (w/v) Carboxymethylcellulose lyophilisiert. Aus dem getrockneten Komplex wurden durch Direkttablettierung
Sublingualtabletten hergestellt und die Liberation von 17-p-Estradiol geprift. Als Vergleich dienten physikalische
Mischungen von 17--Estradiol mit HPBCD oder 17-B-Estradiol enthaltende Tabletten. Di¢ Tabletten, die den Komplex
enthielten, zeigten die beste Liberation. Bei weiblichen Probanden in der Postmenapause zeigten die so bereiteten
Sublingualtabletten ¢ine schoelle Absorption des Wirkstoffs mit Spitzen-1 7-B-Estradiolkonzentrationen von 568 + 97 pmot]
15 min nach Applikation und anschlieBender biphasiger Elimination.

1. Introduction estrone which possesses much weaker estrogen activity
than 17B-estradiot (7, 8). This first-pass effect can be
The buccal mucosa is an easily accessible and convenient avoided by percutaneous, subcutaneous, intramuscular
site for drug deiivery. It is routinely exposed to food and and intranasal administration. For example, after in-
other “foreign substances™ and, thus. itis robust [1. 2]. This tranasal administration of 17p-estradiol. the estrone/17p-
makes tablets for sublingual/buccal drug delivery widely estradiol ratios were shown to be below unity, whereus.
acceptable. After administration to the oral cavity. the drug the ratios were above unity after oral administration of
must dissolve in the aqueous saliva. however, the drug 178-estradiol [9)- Parenteral drug delivery is inconvenient
molecules must be lipophilic 10 be able to pass the mucosal and the intranasal route can caus¢ inflammation of the
barrier into the blood circulation. nasal mucosa. Thus, alternative methods for HRT are being
Cyclodextrins (CD) are cylindrical shaped hydrophilic sought.
oligosaccharides with a lipophilic central cavity {3.4). They 1t has been shown that, at relatively high concentralions
are capable of forming inclusion complexes with many and when formulated with cyclodextrin. (7B-estradiol is
drugs by taking up 2 whole drug molecule. or some part absorbed from the oral cavity [10]. The purpose of this
of it. into the cavity. The drug-CD complexes can improve study was to design and evaluate sublingual 17f-estradiol
the clinical usage of the drugs by increasing their aqueous tablets containing only 100 ug of the drug as 2 178-

solubility. rate of dissolution and pharmaceutical availabi- estradiol-HPPCD inclusion complex.
lity. Pitha et al. {5] have shown that when testosterone is
formulated in a complex with 2- - - - c e . :

" plex with hydroxypropyl p-cyclo 2. Investigations, results and discussion

dexirin (HPBCD). it is readily absorbed from under the

tongue resulting in a rapid increase of testosterone levels Various CDs and CD derivatives have been shown to be
in plasma. The complex increases the solubility of the drug powerful solubilizers of drugs. One of the most common
in the salvia without effecting its lipophilicity. ie itsability CD derivative presently used in drug formulations s
to pass the mucosal barrier. Pitha's results have been HPACD. ln this experiment HPBCD was used after
confirmed by other investigators [6). In recent years. studying the solubilising effect of various CD's {at 10%
administration of estrogens as hormone replacement thera- wiv concentration) on 17p-esteadiol {Tables t and 2
py (HRT) during and after the female climacteric has Although both dimclhyl-ﬂ-cyclodcxtrin(DMBCD) and the
increased (7, 8). Good clinical effects have been obtained  branched cyclodextrin (M/DMBCD) resulted in betler
after oral administration of micronized 17p-estradiol. How- sotubilization of 17p-estradiol. HPPCD was selected due
ever. duc to its first-pass metabolism relatively large oral 1o its more favourable toxicological profite [4. 11} The
doses of the drug have to be given in order to obtain offect of carboxymethylcellulose (CMC) and polyvinylpyr-
physiological plasma concentrations. Also. the (irst-pass rolidone (PVP) on the solubilising effect of HPBRCD on
metabolism results in celatively high fevels of the metabolite 17B-estradiol. is shown in Table 2 and Fig. 1. The solubili-
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Table 1: The effect of 10% (w/[v) of various cyclodextrins on the
solubility of 17f~estradiol with and without polymer

§0% (wivh No polymer 0.25% CMC 0.25% PVP
Cyclodextrins img/mi} {mg/ml} {mgrml)

HPYCD 246 3.01 3.49

HPaCD 0.09 0,09 not determined
M/DMBCD 8.12 8.31 8.0

DMBCD 9.13 10.30 10.31

Hydroxypropyl-y-cyclodexisin (HPYCDL. hydronypropy)-a-cyclodexinn (HPaCDy
ttosytidimaltosyl-f-cyclodextrin |M:DMBCD).dimethyl-o-qtlodexmn(DM[!CDI.

Yi-p-cy

Table 2: The effect of 0.25% (w/v) CMC and 8.25% (w/v) PVP
compared to water on the solubilisation of 17-estradiol

in aqueous cyclodextrin solutions

HPCD Nv polymer, 0.25% (wiv) 0.25% w. vy
%, wivt tmgrmh) CMC imfml) PYP img mh
0 0.002 0.t72 0.069
25 1.324 1.794 2243
5.0 2741 3.853 3.100
10.0 4.770 5.340 5.280

sing effect of 10% (w/v) HPRCD on 17p-estradiol was
improved by 2-12% when increasing concentration of
PVP or CMC (0-0.7%, w/v) was present in the solution
(Fig. 1). The optimal concentration of PVP was 005%
(w/v), but higher concentrations lead to some decrease in
17p-estradiol solubility. The optimal concentration of
CMC was about 0.1% (w/v).

The dissolution rate profiles of the lyophilised inclusion
complex 1 (containing 100 pg of 17B-estradiol and 2.5 mg
of HPPCD tablet 1), the lyophilised inclusion complex 11
(containing 100 pg of 17B-estradiol and 4.4 mg of HPRCD,
tablet 2) the pure drug (17p-estradiol without HPPCD,
tablet 3) and the physical mixture (100 pg 178-estradiol
mixed with 2.5 mg HPBCD tabiet 4) are shown in Fig. 2.
Composition of the tablets is given in Table 3.

It is evident that complex I, complex I and the physical
mixlure demonstrate faster dissolution rate than the pure

Table 3: Composition of the tablets

Material Tablet | Tablet 2 Tablet ) Tabdtet 4
Complex | 26

Complex II 4.53

17p-estradiol 0.1 0.1
HPBCD 25
Emdex*® 52.1 50.2 54.6 521
DC-Lactose-11* 23 23 3 23
Polyplastone XL* 6.6 6.6 6.6 6.6
Cab-O-Sit 0.6 0.6 0.6 0.6
Magnesii steras N L1 1.1 1.1
Total weight per 86.0 86.0 86.0 86.0

tablet. (mg)

Tablets 1. X 3 and 3: contaned 1008 17P-estradiol.

Complex [; one gram powder contained 39 mg of 17B-estradiol. Complex 11: one gram
powder contained 22 mg of 170-estradiol. Tablet 3; 17f-estradivl without HPRCD.
{pure drug). Tablet 4. Physial mixture of 17B-estradiol and HPBCO (0.1 mg 178

_ estradiol mixed with 2.6 mg powdet).

drug. After 5 min the amount of 17p-estradiol dissolved
was 100% from tablet 1 and 80% from tablet 2, compared
to 66% and 42% [rom the tabletd and the tablet 3,
respectively.

Generally, the dissolution was much faster from the tablets
that contained 17p-estradiol-HPBCD-complex, than from
the tablets containing only the pure drug or a physical
mixture of the drug and HPBCD. It can aiso be scen that
the fastest dissolution was obtained when just enough
HPBCD was used to dissolve the drug. An excess HPRCD
decreased the dissolution rate. Because of its dissolution
profile, tablet 1 was selected for human testing.
Absorption of 17p-estradiol-HPBCD from tablet 1, given
sublingually, produced a supraphysiologic peak of 17p-
estradiol concentration in serum. within 15 min after
administration {Fig. 3). The mean peak 1 7B-estradiol con-
centration was determined to be 568 % 97 pmolll (at
15 min). The [ 7B-estradiol serum concentration versus time
profile was fitted to a two compartment model:

C,=Ae" + Be™® — Ce™**

where a and b are the distribution and elimination rate
constants, and A and B are empirical constants. The
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Fig. 1: The effect of increasing concentrations of (W} polyvinylpyrrolidune
{PVP) and (D) carboxymethylcellulose sodium tCMC) vn the
solubility of 178-esteadivl in aqueous 10% (w/v) HPBCD MS0.6
sulution, Each point represents the mean of three measurements
.I;té n;e vertical lines represent the standard error of the mean
(S.E.M).

Fig. 2: The dissolution rate profiles of 1 78-estradiol from sublingual tablets.
Tablets containing pure 17f-estradiol (&) tablets containing physi-
cal mivture of 17P-estradiol and HPBCD (A) tblets conlaining
Iyophilised 1 78-¢stradiol-HPRCD inclusivn complex with excess of
HPPCD. i.e. complex [1 1@}, and Lablets containing physical mixture
of lyophilised 17P-estradiol-HPRCD inclusion complex without ian
excess of HPPCD. ic. complex 1 {O)
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Cp =ae-0t, e~ . Ce-Y0!

In(Cp/pmol per ler}
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Fig. 3: The 17B-estradiol concentration (In Cp) versus time. after sublingual
administration of 100 ug of 17P-estradiol. Mean values from 6
women: the error bacs represent the standard error of the mean
(S.E.M). Cp: pmoil

=hat

function of the absorption phase is shown as —Ce
The half lives (t,,,) of the elimination and the distribution
phase arc 12.7h and 0.83 h, respectively. The value of A
was determined to be 704 pmol, B 131 pmolll. a
—084h~% and b —0.05h~*' The hall live of the
absorption was estimated to be about 7 min, which
indicates that about 90% of the dose is absorbed within
the first 25 min.

3. Experimental

3.1. Marerials

170-Estradiol. dimethyl-B-cyclodextrin (DMPCD) and maitosyldimatiosyl-
B-cyclodexirin (M, DMBCD} were obiuined from Pharmatec inc. (USAL
2-hydroxypropyl-B-cyclodextrin of molar substitution 0.6 (HPPCDL
-cyclodextrin (vCDI. hydroxypropyl-a-cyclodextrin of molar substitution

0.6 tHPICD) from Wacker Chemie (Germany). carboxymethylcellulose

sodium of medium viscosity ICMC) oy

weight 360.000 IPVP) were obtained from Sig ¢ R AVE
Emdex® (destrans {NF XV1) from Mendell (US.AL DC-lactose-11
{lactose Ph. Eur.. 2nd Ed.) from de Melkindustrie Veghel (DMV) (ihe
Nederlunds), Polyplastone® {(crospovidone NF) from International
speciality products, 1SP, (USA) Cab-O-Sil* (silica colloidalis ANH.. Ph.
Eur.. 2nd Ed.) from Carbot (USA) and magnesii sterat {Ph. Eur.. 2nd Ed)
from Norsk Medicinal Depot (Norway). All vther materials and solvents
used in this study were of analytical or Ph. Eur.. 2nd Ed.. grade.

3.2, Solubility studies

An excess amount of 17P-estradiol was added o waler, aqueous polymer
solution, aqueous CD solution. or aq solution imng both &
polymer and CD. The suspension formed was sosicated in an ultrasonic
buth (Kerry. UK} for 1 h and then heated in an auloclave (M7 Speed Clave
from Midmark Corporation, USA) in a sealed container 1o 120 °C for
20 min. Afier equilibration at room temperature 12223 *C) for a1 feast 3d.
the suspension was filtcred through a 0.45 um membeane filter (Millex-HV
filler units from Miftipore, USA), diluted with a mixture of methanol and
water (7:3 v/v) and analysed by an HPLC method. Significant excess of
the drug was always used in these studies and. thus, solid drug particles
were wlways preseat in the agueous cyclodextrin solution during the whole
equilibration penvod.

v vo Phaemazie 51 “996) 1

The phase-solubility of 17B-estradiol in aqueous CD solutions with or
without polymer were determined. An excess amount of the drug was added
to aqueous solutions containing from 0 1o 10% (w;v) CD and from 0 o
0.7% (wzv) polymer. As before the solutions were saturated by sonication
and heating. Afler equilibrationat room temperature for 3 J. the suspensions
were filtered and analysed by HPLC.

3.3. Preparation of dry complexes

One or two g of 1 7f-estradiol were dissolved through heating inan autoclive
1o 120 'C for 20 min in 100 ml of aqueous 50% (w v) HPBCD sulution
containing 0.25% (w;v) of CMC. After cooling. equilibration and freezing.
the solution was lyophilised in a Snijders Scientific Type 2040 Ivophiliser
\the Netherlands). Samples of the dry complex powders were then dissolved
in 70% {v/v} aqueous methanol and the 17P-estradiol content determined
by HPLC. One g of the two Ivophilised powders, complex t and complex 2
contained 39 and 22 mg of 17-estradiol. respectively.

The fable formed through a direct compression technique, The
17B-estradiol-HPPCD complex silica colluidalis wnd magnesium steriie
were (manually) screened through 0.3 mm. 0.7 mm and 0.125 mm screens.
tespectively. The plex and d were blended in a tumble mixer
for 15 min. Lactose. g&8 silica colloidalis were sdded and the
mixture biended furt i & Finally. magnesium sicrate was added
and blended for 5 min. The tablets without the complex were blended the
same way, but 17B-estradiol was ficst mixed with a HPBCD or dextrans.
All tablets were compressed in a stokes model B-2 rotary tablet press (sinyul
punche machine. Stokes-Merrill. INC. USA)L using 6 mm punches 1o
hardness of aprox. 40 N. The target weight wax X6.0 my, disinlegration ime
was less than 1 min.

).5. Dissolution ssudies

The dissolution studies weze cagried out in the USP XXII deseribed paddle
apparatus (Prolubo from Groupe Rhone-Poulenc. France) for dissolution
rate determination. The release rate wus determined at 37 £ 1 C und
100 rpm by adding tablets containing 100 pg of 17f-¢stradiol 10 250 ml of
water. Samples {1.5 mi} were withdrawn at various lime intervals. filtrated
through 0.45 membrane filters (Millex-H V: Millipore. USA) und analysed
by HPLC. The cumulative dilution. cause by replacement of the sample
by equivalent volumes of fresh medium was corrected.

3.6. Quantitative determinations

The quantitative determinations of the individual drugs were performed
by a reversed-phase HPLC sysiem. consisting ol Milton Roy ConstaMetric
3200 solvent delivery system operated at 1.50 ml/min. & Rheodyne 7125
injector. 2 Beckman Ultrasphere 3 1t 14.6 x 150 mm) column and 4 Spectro
Monitor 3200 UV/Vis variuble wavelength detector operated at 270 am.
The mobile phase consisted of acetonitrile, ethanol and water 134:1:45
and the retention time was 2.4 min.

3.7. In civo testing in humuns
Six postmenopausal women the age of 47-75 veurs, were recruited tor this
open study. All the women were inpatients of the Depurtment of Obstetrics
and Gynaecology. University Hospitah. Landspitaki. Reykjavik. The wonwn
were in convalescence after gynaccological surgery tor benign discnses.
They were otherwise heaithy and not takmg any Jdrugs thin could mieefere
with the metabolism of 17B-estradiol. The study was approved by the focal
ethical committee and afl the women volunteers signed an informed consent
form. Before trewtment. low endogenous t7f-esteadivl productive was
confirmed by measurement of FSH levels. The women received single doses
of 100 pg 17B-esteadivl {1ablet 11 as sublinguul tablets. Blood samples were
btained i siately by vencpunuiure before the administrnion of the
\ablets and then 10 times with decreasing frequency over it period of 121
for measurement of |7f-estradiol. 12-estradiol was measured by
time-resolved Nuaroimmunuassy IDELFIAY with reagents from Walkw,
Finland. The detection limit of the assay was betier than 30 pmot 1

Acknowledgement: The authors would like to thank Dr. Jusel Pithu for
numerous helpful suggestions and support theoughout this study.
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Improvement of some pharmaceutical properties of drugs by

cyclodextrin complexation
5, Theophylline’

H. O. AMMAR, M. GHORAB, S. A. EL-NAHHAS, S. M. OMmAR and M. M. GHORAB

The interaction of theophylline (TPH) with B-cyclodextrin (p-
osmometry and DSC. The results revealed a molecular inter:

CD) was investigated by spectrophotometry, vapour pressure
action between TPH and B-CD. The continuous variation

method was used to elucidate the stoichiometry of such an interaction by spectrophotometric as well as vapour pressure

measurements. Both types of da

the complex was determined at different temperatures by t
entropy of the interaction were evaluated and the results in
the disorder of the guest molecule upon complexation. The e
exhibits a definite solubilizing effect towards the drug with a ty
and the amount of drug solubilized in the form of complex reveal that complex-formation is the oni

ta revealed the formation of two-to-one TPH/B-CD complex. The stability constant of
he vapour pressure osmometric method. The enthalpy and
dicate the liberation of little heat during complexation and
flect of B-CD on the solubility of TPH indicates that §-CD

pical B isotherm. The stability constant of the complex
y factor governing the

solubilizing effect of B-CD towards the drug. The dissolution rates of TPH, TPH/B-CD physical mixture as well as the

prepared complex were determined according to U.

S.P. method and at pH 1.2. 1n both cases, the dissolution profile of

the complex reveals enhanced dissolution properties compared to the drug. The effect of p-CD on the partition properties

of TPH reveals decrease in presence of B-CD. The effect of p-CD on the bioavailability of TPH was investigated
in human subjects. A clear difference in the biological performance between the drug and the complex was

revealed. The pharmacokinetic parameters including Ciuas tmsxs Conimr Lrrze K. MRT a
B-cyclodextrin results in not only an improvement in the bioavailability of the drug.

complexation of theophylline in

nd AUC revealed that inclusion

but also to acquired sustained release properties for the drug.

Verbesserung pharmazeutischer Eigenschaften von Arzneistoffen durch Cyclodextrin—EinschluB

5. Theophyllin

Die Interaktion zwischen Theophyllin (TPH)und B-Cyclodextrin {p-CD) wurde mittels Speklropho(omctrie. Dampidruck-

osrpomctric und Diflerentialscanningcalorimetrie untersucht. Die Ergebnisse weisen aufl eine mo!
zwischen beiden Partnern hin, diezu einem 1: 1-Komplex fihrt.
und Entropie der exothermen Reaktion wurden bestimmt. Die Wechselwirkung mit §-CD fiihrtzu einer Ver
TPH-Lbslichkeil durch Solubilisicrung. In gleichem Sinne wird auch die Dissolution der Ve
sic als B-CD-Komplex eingesetzt wird. Die Bioverfiigbarkei

lekulare lnteraktion

Stabilitiitskonstante, scheinbare Wechselwirkungsenthalpi¢

besserung der
rbindung beeinflubt, wenn

1, aus Messungen der Speichelkonzemrationen von THP

abgeleitet, wird nicht verbessert. Die Freigabe wird im Sinne eines .sustained release™ beeinfluBt.

1. Introduction

Theophylline is the drug of choice for sustained release
formulations. because it has a relatively short-life of
climination, particularly in children and a rather low
therapeutic drug level (8—20mg/M {13} It has a central
nervous system stimulant effect which can be minimized

by sustained release preparation. Sustained release TPH
products are the products of choice for the prophylaxis of
chronic asthma symptoms.

The present communication deals with the investigation of
the inclusion complexation of TPH in B-CD und the
implication of this phenomenon on the solubility, dissolu-
tion and bicavailability of the drug.

Pharmazie 51 {1996} }
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Abstract

1n aqueous solulions water-soluble polymers were shown to increase the solubilising effect of cyclodextring on
drugs. For example, the sulubilising effect of 2—hydruxypmpyl-B-cyclodexlrin (HPBCD) with molar substitution of 0.6

was improved by 6-57% (on average 27%) when 0.25%
ond 12-129% (on average 49%) when 0.25% (w/v) pol
obtained with other cyclodextrins and other polymers. For

{w/v) carboxymethylceliulose was present in the solution
lyvinylpyrrolidone (PVP) was present. Similar results were
PVP and 10% (w/v) HPECD the PVP concentration for

maximum solubilisation appeared to bc between 0.05 to 0.25% (w/v). At this low concentration PVP had
insignificant cffect on the viscosity of the aqueous HPBCD solution. The polymers increased the stability constants
of the drug-cyclodextrin complexes. Addition of PVP to the aqueous complexation medium resulted in a0 increased
negative enthalpy change, together with an increased negative entropy change.

Key words: Xeywords: Complexation; Cyclodextring Drug; Polymer; Solubilization

1. Introduction

Cyclodextrins form a group of structurally re-
lated oligosaccharides. The important character-
istics of the cyclodextrin molecules are their cylin-
drical shape, sormewhat hydrophobic central cav-
ity and hydrophilic outer surface (Szejili, 1988).
Cyclodextrins are capable of forming inclusion
complexes with many drugs by taking up a whole
drug molccule, or some part of i, into the cavity
(Pitha et al., 1986; Duchéne, 1987). No covalent

% Corresponding author. Fax: +354-1-69407).

bonds are formed or broken during formation of
the complex. The complexes arc readily dissoci-
ated and free drug molecules are in a rapid
equilibrium with the drug molecules bound within
the cyclodextrin cavity. This type of molccular
encapsulation will affcct many of the physico-
chemica) properties of the drugs, such as thejr
solubility and stability. Thus, cyclodextrins are of
potential importance as excipients in drug formu-
lations (Loftsson et al., 199%; Duchéne and
Wouessidjewe, 1993).

The most common method for preparing
drug-cyclodextrin complexes on 2 laboratory scale
is to add an cxcess of the drug to am agueous

0378-5173/94/307.00 © 1994 Elsevier Science B.V. All rights rescrved

SSD7 6378-5173(94)00122-L

oMCrAYVIN. VD tAvoRaA |

P



AR, VR

! af P entres 110 1190 169177

m T Loftsson vt al. f dnh ¥/

cyclodextrin solution. The suspension formed s
then agitated for up to | week at room lemperit-
ture. The suspensivh is then filtered or cen-
trifuged to form a clear drug-cyclodextrin com-
plex solution. For preparition of solid formula-
tions of the drig-cyclodexisin complex. the water
is removed from the aqueous drug-cyclodextrin
complex solution by evapuoration in a rolary cvap-
orator, in a spray dryer or by lyophilisation. Fre-

quently, the efficiency of complexation is not very -

high and, therefore, relatively large amounts of

.cyclodextrins must be used (o complex small

amounts of the drug. Vehicle additives commonly
used in drug formulations. additives such as
sodium chloride, buffcr salts, surfactants, preser-
vatives and organic solvents, reducc the effi-
ciency. For examplc. in agucous solutions, low
concentrations of cthanol vr propylenc glycol have
been shown to reduce the cyclodextrin complexa-
tion of testosterone and ibuprofen by acting as a
competing guest molecule (Pitha and Hoshino,
1992; Loftsson ct al, 1993). In the same manncr,
non-ionic surfactants have been shown to reduce
the cycludextrin complexation of diazepam (Kraus
el al, 1991) und preservatives 1o reduce the cy-
clodextrin  complexation of various  steroids
(Loftsson et al., 1992). However, hydroxypropyl
methylcellulose has been demonstrated W in-
crease the complexation of dexomethasone with
2-hydroxypropyl-B-cyclodextrin {Loftsson ct ol.,
1994).

There are several reasons why increased cffi-
ciency of cyclodextrin complexation of drugs is
desirable. For example, only a limited amount of
cyclodextrin can be used in many drug formula-
tions, such as in agueous isotonic solutions and
tablets, and increased cfficicncy will mean that
fess cyclodextrin cin be uscd to achieve the sume
or even greater solubilising ctfect. Also, since
eyclodextrins are still relatively expensive, reduc-
tion in the amount of cyclodextrin in drug formu-
lations will result in lower production costs. The
purpose of this study was to investigate further
the effects of various witer-sofuble polymers on
the cyclodextrin complexation of drugs. The cffi-
cicney of complexation was mainfy cvaluated by
determining the solubilising effects of the cy-
clodextrins. however. the sfability constants of the

snnnocaA 1 s

drug-cyclodextrin complexes and their thermody-
namics were also determined.

2. Matcrinls and methods
2.1. Materials

The following drugs wete obtained {rom Sigma
Chemical Cu. (U.S.A.): alprazolam, clotrimazole,
cconazole, 178-cstradiol, cthoxyzolamide, hydro-
cortisone, miconazole and progesterone. The fol-
lowing drugs were purchased from Lyfjaversiun
rikisins (lecland): acctazolamide, diazcpum, ox-
azepam, predaisolone, sulfamethoxazole,
temazepam and triamcinolonc ucetonide, Carba-
mazepine was obtained from Aldrich Chemical
Co. (U.S.A Y F-RyaoxypIopyl: d e
molar substitution of 0.6 or 0.9 (HPBCD MS 0.6
or 0.9), hydroxyethyl-8-cyclodextrin with molar
substitution of 0.6 (HEBCD) and randomly mcth-
ylated B-cyclodextrin with degree of substitution
of 1.8 (RMBCD) were supplied by Wacker-
Chemit (Germany). Glucosyl-a-cyclodextrin (gh-
cosyl-wCD), glucosyl-g-cyclodextrin {glucosyt-
BCDY, maltosyl-a-cyclodextrin (maltosyl-«CD)
and maliosyl-8-cyclodextrin (maltosyl-gCD), all
monosubstituted, were obtained from Pharmatec

e

i L5

(U.S.A.). Carhoxymethylcellulose sodium of .

. ,
bk Ey

medium viscosity (CMC), poff¥InyBH
e ERTnENRiRh ! (Mol. WU 40000 or
360000 and hydroxypropyl methylcellufose of 4000
<P (HPMC) were obtained from Sigma. All other
chemicals were commercially available products
of special reagent grade. o

ayian g

22 Solubility studies

An excess amount of the drug to be tested was
added to water, aqueous polymer solution, ague-
ous cyclodextrin solution, or agucous solution
containing both a polymcr and cyclodextrin. The
suspension formed was sonicated in an ultrasonic
bath (Kerry, U.K.) for 1 hand then heated in an
autoclave (M? Speed Clave from Midmark Corp.
US.A.). in a sealed container to 120°C for 20
min. After equilibration at room tempcrature
(23°C) for at least 3 days, the suspension was

1



LT G NIRTY

T. Lof. etol./h ional J

filtered through a 0.45 xm membrane filter (Mil-
lex-HV filter units from Millipore, US.A), di-
juted with a mixture of methanol and water 7:3
v/v) and analysed by an HPLC method. Signifi-
cant excess of the drug was always used in these
stdies and, thus, solid drug particles were always
present in the aqueous cyclodextrin solution dur-
ing the entirc equilibration period. The 3 day
equilibration was considered sufficient, since fur-
ther equilibration of selected drug suspensions
for up to 10 days did not result in any further
drug precipitation.

The phase-solubility diagrams in aqueous cy-
clodextrin solutions with or without polymer were
determined at various temperatures, An excess
amount of the drug was led to agueous solu-
tions containing from 0% (Wyv) cyclodex-
wrin and from O to 0.7% (w/v) polymer. The
solutions were saturated by sonication and heat-
ing. Alter equilibration at the desired tempera-
were (from 6 to 50°C) for 7 days, the suspensions
were filtered and analysed as described above.
The stability constants (K.) of the drug-cyclo-

! of Ph eutics 110 119941 109-177 171

dextrin complexes were calculated from the slope
of the phasc-solubility dingrams and the drug
solubility in water (S,):

K =slope X (8§, % (1 - slo;'u:))_l

according to method of Higuchi and Connurs
(1965). The effect of PVP on the enthalpy (3/71")
and the entropy (35") of K, for the drug-cyclo-
dextrin complex was determined according to
Martin (1993).

2.3. Quantitative deierminations

Quantitative determinations of the individual
drugs were performed on reversed-phase high-
performance liquid chromutographic (HPLC)
component system consisting of a Milton Roy
ConstaMetric 3200 solvent delivery system, &
Rheodyne 7125 injector, a Spectro Monitor 3200
UV/Vis variable-wavelength detector and a
LiChrosorb RP-18 5 pu (125 X 4 mm) column. For
other HPLC conditions, sce Tuble 1.

Table 1
Conditions of quantitative drug determination by HPLC
Drug Mobile phase Flow rale Wive- Retention
: T ; (ml/min) length lime
{nm) {min)
Acctazolamide itrile, acotic acid, water (10:20:88) 7. 1.5 263 40
containing 0.015% 1-octanesulfonate
Alprazofam methanol, water (70:30) 15 254 28
Carbamazepine aectonilrile, tetrahydrofuran, water (35:1 :64) 20 2 28
Clotrimazolc methanol, 0.01 M aqucous potassium phosphatc 1.5 210 20
solution (pH 4.5) (9:10)
Diazepum methanol, water {72.:25) 1.5 226 4.0
Econazole methanol, 0.01 M aqucous polassium phosphate 1.5 226 20
solution (pH 4.5) (30:10)
17B-Estradio) acetonitrile, ethanol, water (54:1:45) 1.5 285 20 4
Ethoxyzolamide itrile, watee (351 65) 1.0 254 A2
ing 0.1% 1-h \fonale
MNydrocortisnne acetonitrile, tetrahydrofuran, waler (30:1: 69} 1.5 254 26
Miconszole methano), 0.0§ M aqucous potassivm phasphate 1.5 272 b
solution (pH 4.5) (90:10) .
Oxazepam methanol, tetrahydrofuran, water (55:2: 43) 15 226 w8
Prednisolone acetonitrile, acetic acid, water (17:0.5:82.5) L5 242 '“:
Progesterone acetonitrile, cthanol, water (54:1:45) [ 335 5.2
Sulfamelhurazote acetonitrile, avelic acid, water (30:1:69) LS 253 2—;
Temazepam methanol, water (70:30) 15 218 2
Triame¢inolonc acetonitrile, water (42:58) LS 254 28

acetonide

annmacoa 1o

£0*
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2.4, Viscosity nmwasuremienty

The viscusity of the aqueous HPECD MS .6
solutions at room temperafure was determined in
a Brookficld digital viscomeler Model DV-1 +
(Brookficld, US.A.) cquipped with a Brooklicld
UL, adaptes. HPECD MS 0.6 and/or polymer
was dissolved in water and the solution heated in
a sealed container as previously deseribed (120°C
for 20 min). After cquilibration at room tempera-
tuee and appropriate adjustments of the viscome-
ter the viscosily of the solutions was detesmined.

3. Resulls

wreisfemmoyciodextrin (Pitha
o | S =EHTEson ot al. 1991), however, their
complexing abilitics and, hence, their solubilising
cfifeets, are affected by hoth the average number
of hydroxypropyl groups on cach glucopyranose

of Pluensaventies 110 1o 169177

repeal unil, i.e., the molar substitution (MS), and
the Jocation of the hydroxypropyl groups on the
HPBCD mulccule (Rao et al., 1991; Loftsson and
Baldvinsddttir, 1992; Loftsson and JGhannesson,
1994). ‘To a certain limit, HPBCD's complexing
ability increases when its MS decreascs. For ex-
ample, in agucous 10% {w/v) HPBCD solution,
the solubility of prcdnisolone was determined to
be 12.7 mg/ml when the MS 0.9 derivative was
used compared to 13.6 mg/ml in the case of the
MS 0.6 derivative and that of sulfamethoxazole
6.08 mg/ml comparcd t0 10.0 mg/mi. Therefore,
we mainly used HPBCD MS 0.6 in our studies.
The effect of CMC on the solubilising cffect of
HPBCD MS 0.6 is shown in Table 2. Solubilities
of the drugs in aqueous 10% (w/v) HPBCD
solutions (S,,) were from 3.6-fold (acetazola-
mide) to 510-foldH 5@eater than in
water (S,) but introduction of a small amount of
CMC into the solution medium improved the
solubility even further. Thus, the solubilising cf-
fect of HPACD MS 0.6 was improved by 6-57%
(Sep/Sen = 1.06-1.57) when 0.25% CMC was pre-
sent in the solution, on average the solubilising
cffect being improved by 27%. An even greater

Tablc 2
Eiffcet of addition of 0.25% (w/v) CMC to aqueous HIF (w/v) HPBCD MS 0.6 solution an HPACD's solubilization of various
drugs
trug A Sa Sen Sgp Sm/ Seo
(tmg/m * (mg/mh ™ (mg/mh ¢ (mg/m ¢
Acctimmlamide nm nyd 2.52 au 1.23
Alprazolam [\ ms 1.28 1.55 .21
Carbamazepine (1A%} 0.20 7.00 9.20 L)
Clotrimazote 0.0 0.0 1.20 1.40 1.17
Diazepum ] 0.69 0R) 9.14 9.70 1.06
Lwanale 0.57 0.60 5.03 741 147
T f?ﬂﬂ%’*‘ﬁ 0.0 047 4% 535 112
Ethaxyzslamide O4H 007 1.M 1.66 1.22
Hydrocortisane 0348 1.0 12.2 17.0 1.39
Miconarole 0nud 1) LYR 250 1.26
Oxzalepim 0ol 0.04 0.90 142 1.57
Prenisntone N ns} 13.6 153 113
Progeserone nu (11 4.9 6.1 139
Sulfamethoxuzole (1% w69 10,0 12.6 1.26
Temuzepam .6 .68 am 3.48 1.16
Triameinolone acctonide XA} 007 1.84 258 1.40

FSolubilily in pure woter, - Solubility in agucovs 0.25% (w/v) solwtion uf the palymer, © Solubility in aquevus W% (w/v)

cveladexirin solution. * Sulubifity in solution ¢

e both 0.28% (w/¥) polymer and 105 (w/v) cyclodextrin.

q

" Solubitity i,

~
CID: <XP__1002856A_|_>
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Table 3

Effect of addition of 0.25% (w/v) PVP Mol Wt 40000 to aquenus 10% (w/v) HPSCD MS U solution on 1IPACIY's salubilization

of various drugs

Drug So Sy S S, Seod/ S ®
(mg/mt) * (mg/ml) ® (:n';/ml) ¢ u‘r:‘g/ml) ¢ oo S
Acetazolamide Q.70 1.05 2352 - RAX) 1.5
Carbamazepine 011 031 7.00 K.S0 1.2t
Clotsimazole 0.00 0.00 1.20 140 150
Econuzole 0.57 0.64 s.03 368 (AN
Ethoxyzolamicle 0.4 0.06 136 20 pd )
Oxazepam 003 0.04 0.90 Lid 127
S : 0.00 439 sn 1M
0.86 100 148 148
Trimethoprim LS wm 647 29

Solubility in pure waler. ¥ Solubility in aqueous 0.25% (w/v) solution of the polymer. © Salubility in aqucous WF (w/v)

solution

eyclodextrin solulion. 9 Sotubility in aq
¢ Sulubility ratio.

effect was obtained when

ubilising effect oved from 12 to 129%

(Sep/Sco = 1.12-2.29), or on average about 49%.
Similar results werc obtained with other c¢y-
clodextrin derivatives and polymers (Table 4).
The optimal polymcr concentration appeared to
be below 19 (w/v). By comparing the solubility
of the drugs in water (S,) with that in agueous

CM g

BING3)S Lo this case the

ing both 0.26% {w/v} polymer and 0% (w/v) cyclodestrin,

0.25% solutions of the pulymers (S,,) in Tubles 2
and 3, it can be seen that the polymcers pusscss a
significant solubilising effect themselves. Both the
polymers and the cyclodextrins form water-solo-
ble complexes wilh various drug molecules and
can be used to solubilize drugs. However, when
polymer and cyclodexirin are mixed together as
described above. one achicves a greater extent of
solubilization than when thc polymer and cy-

Tuable 4
Effect of polymers on the solubilization olmimﬂﬁfcws ceyclodextrin solutions
Cyclodextrin Pulymer Sen . Sen Sen/S ¥
(mg/mh * (mg/m) ® ‘
HEBRCD CMC 175 264 1.53
RMBCD CMC 18.6 20! 108
RMBCD PVP Mol. Wt 40000 186 202 109
RMBCD HPMC 166 218 147
Glycosyl-aCD cMC 27 54 21K
Glycosyl-a ' VP Mol. Wt 40000 21 36 :..u
Glycosyl-aCD HPMC 2.1 54 2.0
Glycosyl-8CD cMC 170 202 . [AL]
Glycosyl-8CD PVP Mol. Wt 40000 170 2.2 121
Mahosyl-rC cMC 41 6.1 149
Mahosyl-gCD cMC 109 18.3 : 176
Maltosyl-8CD PVP Mol. Wt 40000 104 19.5 1&8
Mahosyl-gCD HPMC 10.4 179 2 ,
Juti 1aining buth 0.25% (w/v) of the given

* Solubility in agueous 10% (w/v) cyclodextrin solution. " Solubility in aq

polymcr and 10% (w,/v) cyclodextsin. © Solubilily ratio.

1NNDARARA | »




174 T, Loftsson ¢t al. £ Internationul Journal of Pharmaceutics 110 (1 994} 169-177

clodextrin are uscd scparately. This solubilization
enhancement iy more than simply additive, it is
synergistic. '

The optimum amount of the polymer in the
aqueous cyclodextrin solutions appeared to be
between 0.05 and 0.25% (w/v) polymer concen-
tration, since higher concentrations usually Jead

Tudble 5

Viscosity of water and aqueous HPACD MS 0.6, RMBCD DS
1.8. PVP Mol. Wt 360000, CMC and/ar HPMC solutions at
room temperolure (23°C)

Aqueous solution Viswusity
{mPas)

Pure water 1.00
0.10% (w/v) PVP 1.16
1.00% (w/v) PVP 4.15
1.00% (w/v) CMC 5§29
10% (w,/v) HPBCD MS 0.6 147
10% (w/v) HPACD MS 0.6 and 0.05% (w/v) PVP .62
10% (w/v) HPECD MS 0.6 and 0.14% (w/v)PVP L2
10% (w/v) HPBCD MS 0.6 and 0.25% (w/v) PVP  2.17
10% (w/v) HPBCD MS 0.6 and 0.05% (w/v) CMC 3.66

544

S0

SOLUBILITY {mg/mi}

2.2

2.0

(e}

T ¥ Y v al

- 0l 0.2 a3 a4 1]

10% (w/v) HPBCD MS 0.6 and 0.10% (w/v) CMC  5.40
10% (w/v) HPACD MS 0.6 and 0.25% {w/v) CMC 10.3
10% (w /v) HPBCD MS 0.6 and 0.50% (w /v) CMC 170

10% (w/v) HPBCD MS 0.6 and 0.05% {w/v) 1.78
HPMC

10% (w/v) HECD MS 0.6 and 0.10% (w/v) 278
HPMC

10% (w/v) HPECD MS 0.6 and 0.10% (w/v) 6.44
HPMC

25% (w,/v) BPBCD MS 0.6 3.07

25% (w/v) HPBCD MS 3.04

to some decrease in drug solubility. Fig. 1 shows
the effect of increasing concentration of PVP
Mol. Wt 360000 on the solubility of hydrocorti-
sone, 17B-estradiol and triamcinolone acetonidc
in an aqueous 10% (w/v) HPBCD MS 0.6 solu-
tion. ‘The solubility increases sharply with maxi-
mum solubility between 005 and 0.2% (w/v)

Toble 6

Effcct of PVP Mol. Wt 360000 on the stobility constant (X))
of the hydrocortisone-HPBCD MS 0.6 complex at room lem-
perature (237C)

% (w/v)POLYMER
Fig. 1. The cffect of increasing concentration of PVP Mol. Wt
360000 on the solubility of hydricortisone {A), 178-estradiol
{B) and triameinolone acetonide (C) in an agucous 10% (w/v)
HPACD MS 0.6 solution at room temperature. Each point
represents the mean of three measurments and the vertical
lines represent the standard error of the mean.

B L LI

PVP Slape Corr. X,
concentration {1/mol)
(% w/v)

0 0.502 0.98R 1010
0.01 0.528 0.972 1120
0.028 0.532 0.994 1140
0.05 0.544 0977 1190
0.1 0.591 0.999 1450
0.15 0.577 0.999 1390
02 0.548 0.99¢ 1290
05 0.544 0.998 pRL. )
0.7 0.543 0.999 1190

<’
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Table 7
Effect of PVP Mol. Wt 360000 on AH° and AS* for the stability constam (K} of various drug-cyclodextrin complexes
» PVP concentration AH® as°
(% w/v) ®mol 'K " Gmol= K'Y
Acetazolamide-HPECD MS 0.6 complex 0.00 ~184 -26.0
(K, ~ 862 M™" 3t 0% PVP and 20°C) 0.10 ~258 - 49.6
0.25 ~248 -46.2
0.50 -258 -49.9
Hydrocortisone-HPaCD MS 0.6 coraplex 0.00 ~321 - 70.1
(X.=112.0M "' at 0% PVP and A2°0) 0.10 ~39.) ~945
0.25 ~484 -1242
0.50 ~35.7 - 819
Hydroconisone-HPECD MS 0.6 complex 0.00 -~204 -6.2
(K, = 2100 M * a1 0% PVP and 20°C) 0.10 ~41.0 -68.6
0.25 -365 -56.4
0.50 ~388 -64.9
178-Estradiol-HPBCL) M$ 0.6 complex 0.00 =711 -151
(K= 52880 M™" a1 0% PVP and 20°C) 0.10 ~753 -166
0.25 -895 -213
0.50 ~81.2 - 185

PVP Mol. Wt 360000 and then decreases slowly
(Fig. 1). The viscosity of the aqucous 10% (w/v)
HPBCD MS 0.6 solutions remained essentially
constant, being 1.47 mPa s when no PVP Mol. Wt

“360000 was present in the solution but 2.17 mPa

s when the PVP concentration was 0.25% (w/v).
Addition of CMC or HPMC resulted in some-
what larger viscosity increase but the HPBCD
solutions were never viscous (Table 5).

The effect of increasing cuncentration of PVP
Mal. Wt 360000 on the stability constant (K,) of
the hydrocortisone-HPBCD MS 0.6 complex was
determined at room temperature. As expected
from Fig. 1, initially the value of K, did increase
with increasing PVP concentration, reached its
maximum at 0.1% PVP and then decreased slowly
upon further addition of PVP. Also, addition of
PVP Mol. Wt 360000 to the aqueous complexa-
tion medium resulted in more negative standard
free energy changes (Table 7).

4. Discussion
Water-soluble polymers have been used in

pharmaceutical formulations for many years and
although the polymers are usually considered to

R e

be chemically inert, they are known to form com-
plexes with small molecules in aqueous solutions.
About 40 years ago Takeru Higuchi and co-
workers (Riley et al., 1991) investigaled inierac-
tions of various drugs with a number of water-
soluble polymers, i.c., polycthylenc glycols, poly-
propylene glycols, PVP and CMC. In aqueous
solutions, they frequently observed a marked in-
creasc in drug solubility due ta the formation of
water-soluble drug-polymer complexes, however,
phase scparation was sometimes observed which
was characterised in pharmaceutical systems as
rather embarrassing incompatibilities. In our
study, the addition of a very small amount 0.25%
w/v) of PVP, CMC or HPMC resulted in 2
significant increase in the aqueous solubility of
most of the drugs tested. The solubility enhance-
ment of both CMC and PVP was on average
about 1.7-fold (Tables 2 and 3). HPMC was also
shown to increasc the aqueous solubility of vari-
ous drugs. The polymers mainly intcract with
drug molccules via elcctrostatic bonds, i.e., ion-
to-ion (in the case of CMQ), ion-to-dipolc and
dipole-to-dipole bonds, but other types of forces,
such as van der Waals forces and hydrogen
bridges, frequently participate in complex forma-
tion (Racz, 1989). In aqueous solutions, the poly-

o4
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mer molecules also tend to form electrostatic
bonds between themselves and at high concentra-
tions heat-reversibic gels.

Monomeric cyclodextrins arc powerful drug
solubilizers which do not form gels at high con-
centrations. Even aqueous 25% (w/v) HPBCD
and RMBCI) solutions have low viscosity (Table
5). In aqueous solutions, water-soluble polymers
increased the solubilising effect of cyclodextrins.
Our results show that the polymers incrcased the
efficiency of the complexation by increasing K..
In the case of hydrocortisone, addition of 0.1%
(w/v) PVP Mo}, Wt 360000 results in about 45%
increase in the value of K, (Table 6).

The driving forcc for drug-cyclodextrin comn-
plex formation is thought to be the release of
enthalpy-rich water molceules from the cyclodex-
trin cavity. The water molecules located inside
the cavity cannot satisfy their hydrogen bonding
putentials and therefore exist in a higher energy
state compared to those in the aqueous cyclodex-
trin solution (Bergeron, 1984, Garcia Sdnchez et
al., 1990). These enthalpy-rich water molecules
are readily replaced by suitable guest molecules
which are less polar than water. The expulsion of
the water molecules from the cyclodextrin cavity
results in a ncgative enthalpy (Table 7. The large
negative AH° value outweighs the unfavourable
negative 45Y value. However, a variety of other
physicochemical phenomena have been proposed
as driving forces for cyclodextrin complexation,
such as the release of strain in the cyclodextrin
ring, hydrophobic effect, hydrogen bonding, and
van der Waals and London dispersion forces.
Addition of PVP to the aqueous complexation
medium results in an increased negative enthalpy
change, together with an increased negative en-
tropy change (Table 7). Again the unfavourable
AS” changes were outweighed by the large AH®
values and the net resulls were more negative
AG® values. Thus, the compexation was enhanced
(ie., K. was increased) upon addition of PVP to
the complexation medium. This is consistent with
the general observation that the values of AH®
and AS$° become more negative as K. for molec-
ular complexation increases (Andrews and
Keefer, 1964). The stronger binding between the
complexing agent ancl the drug is reflected in a

VAT, VY 4nnnocoA b s

more negative AH® value and a prealer struc-
tural restraint in 2 more negative AS” vajue. PVP
complexation of hydrophebic drugs is usually
characterised by a small positive (or negative)
AH® valuc and a positive AS® value (Martin,
1993). The binding can be considered as a kind of
hydrophobic intcraction with the partial destruc.
tion of the iceberg-like structure surrounding the
molecules and, thus, an increase in entropy. The
fact that both AH® and AS° become more néga-
tive in the presence of PVP supports the previous
observation that the effect of PVP on the cy-
clodextrin complexation is not a simple additive
cffect.
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