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Mar MAsson,* Birna Vigdis SIGURDARDOTTIR, Kristjan MATTHiAssON, and Thorsteinn LoFTssoN

Faculty of Pharmacy, University of Iceland; Hofsvallagata 53, IS-107 Reykjavik, Iceland.

Received March 10, 2005; accepted May 4, 2005

The purpose of the study was to evaluate an octanol-water phase distribution method for investigation of
drug/cyclodextrin (D/CD) complexes and to compare stability constant values obtained by this method to values
obtained by the phase solubility method. A general equation for determination of 1:1 D/CD complex stability
constant (K, .,) from the slope of a phase-distribution diagram (a diagram of the reciprocal of the apparent parti-
tion coefficient vs. the total CD concentration) was derived. The equation accounted for the possible inclusion of
the organic solvent in the CD cavity and the gradual saturation of the CD binding with increasing concentration
of the guest compound. This method was used to determine K, ., for 2-hydroxypropyl-B-cyclodextrin (HPCD)
complexes of hydrocortisone, prednisolone, diazepam, B-estradiol and diethylstilbestrol. These values were com-
parable to K, ., values determined by the phase-solubility method. The phase-distribution method could also be
applied to determine stability constants for the neutral and ionic forms of the weakly acidic drugs, naproxen and
triclosan and the weakly basic drug lidocaine. The phase-distribution method is a very versatile and fast method
and has the advantage, compared to the phase-solubility method, that it only requires very small drug samples.
Thus, this method would be suitable for screening of new drug candidates.
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Cyclodextrins (CDs) are frequently used to enhance drug
solubility,"? stability>® and delivery'** and there are now,
on the market, more than 20 registered pharmaceutical for-
mulations containing CDs.®

The stoichiometry of drug-guest/cyclodextrin-host com-
plexes is very often reported to be 1: 1 although higher order
complexes are not uncommon. In an aqueous solution the
CD complex (D-CD) is in dynamic equilibrium with free
drug (D) and free CD:

Kl:l
D+CD & D-CD

and in the case of 1: 1 complexes the stability constant (X .,)
can be defined as:

[D-CD]

[D](CD]

B M
were [D] is concentration of free drug, [CD] is free CD con-
centration, [D-CD] is the CD complex concentration and
K, ., is the stability constant, or binding constant, for the for-
mation of the CD complex. The stability constant is impor-
tant in any consideration of CD complexes and investigations
to determine its value are an integral part of any formulation
work with CDs. Information about the stability constant and
intrinsic solubility may even be sufficient to calculate the
utility of CDs for formulation purposes.”

The Higuchi-Connors phase-solubility method® is very
often used to determine K .,, as a part of a formulation study.
This method is based on the effect of a complex forming lig-
and, e.g. CD, on the solubility of the drug. The intrinsic solu-
bility (S,) and the slope of the phase-solubility diagram are
then used to calculate K, .,. This method is very general, re-
quiring only some analytical procedure to measure the con-
centration of the dissolved drug. This methods can also be
used for slightly soluble drugs with intrinsic solubility in the
low-um or nm range.

Various other methods, such as UV titrations,” stability
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studies, ! titration calorimetry,'!” potentiometry'? and

NMR titrations” have also been used to determine K. ,.
However these methods can be limited to certain type of
compounds where complexation significantly alters a given
physicochemical parameter on which the method is based. It
can also be very difficulty to apply these methods when the
intrinsic solubility of the guest compound is less than the de-
tection limit. Formulation studies frequently involve slightly
soluble drugs. The phase-solubility method is therefore often
the most suitable method for such compounds as the only re-
quirement is that the solubility can be determined by some
analytical method.

Higuchi and Zuck showed' that the stability constant for
formation caffeine/benzoic acid complex can be determined
from the effect of complexation on liquid—liquid partition co-
efficient of these compounds. Hydrophilic CDs do not par-
tion into organic solvents, and have therefore been use for se-
lective extractions of organic compounds from an organic
phase into aqueous phase for sample clean-up in analytical
applications."” The effects of CDs on the octanol-water
partition of drugs'>'® and octanol-water phase-transfer
rates'”'® have also been reported. There are also a few re-
ports where phase-distribution investigations have been used
to determine stability constants for CD complexes.'* 2% In
general it is simple to obtain the stability constant from
phase-distribution investigation given the condition that only
one type of guest—host complex is formed. However this is
not necessarily the case. Octanol is the preferred organic sol-
vent for phase-distribution investigations (i.e. partition coeffi-
cient determination) of drugs. The octanol-water partition
coefficient (P) is reported in drug handbooks and is com-
monly used in various types of analysis of drug properties.
Nakajima et al.*¥ have shown that, octanol can form an in-
clusion complex with B-cylodextrin and that this complex
formation can interfere with the inclusion of other guest
compounds. They also proposed a multi-step procedure to
correct for this interference in phase-distribution studies. In
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addition to the possible inclusion of the organic solvent in
the CD cavity, the gradual saturation of the CD binding with
increasing concentration of guest compound must be ac-
counted for in any exact treatment of a phase-distribution
system.

In the present study we investigated the general utility of
octanol-water phase distribution investigations to determine
the stability constants for drug/2-hydroxypropyl-B-cyclodex-
trin (D/HPBCD) complexes. A general equation was derived
to account for the possible inclusion of organic solvent mole-
cules, i.e. octanol, in the CD cavity and the gradual satura-
tion of the CD binding. The method was then applied to in-
vestigate complexation of moderately and slightly soluble
neutral drugs and the results were compare to results from
the phase-solubility method. The possibility of using this
method to determine the stability constant for the ionic and
non-ionic forms of weakly acidic, weakly basic drugs was
also investigated.

Experimental

Materials Diazepam and naproxen were kindly donated by Actavis
(Iceland). Hydrocortisone was purchased from ICN Pharmaceuticals
(U.S.A.), prednisolone, lidocaine-HCI] and diethylstilbestrol from Norsk
Medisinaldepot (Norway), and triclosan, n-octanol and hexanol from Sigma
Aldrich (U.S.A.). 2-Hydroxypropyl-B-cyclodextrin (HPSCD) of molar sub-
stitution (MS) 0.62 (MW ca. 1400) was purchased from Roquette (France).
All other chemicals and solvents used in this study were commercial avail-
able products of analytical or special reagent grade.

The moisture content of HPSCD was periodically determined and cor-
rected for (Scaltec SMO 01 Moisture Analyzer, Germany). All water used in
the experiments was purified with Milli-Q, Academic water purification unit
(Millipore, U.S.A.).

Preparation of Octanol Saturated Aqueous Solutions Containing
HPBCD Aqueous solutions containing up to 20% (w/v) CD were prepared
by weighing HPBCD into a volumetric flask and filling to the mark with
water or buffer (Table 1). Excess volume of octanol was then added and the
flask was shaken for two days at room temperature to saturate the aqueous
solution with octanol. Excess octanol was then removed, leaving few
droplets of octanol on the surface to ensure continued saturation. Aliquots
for phase-distribution investigations and determination of dissolved octanol,
were drawn from these solutions, carefully bypassing the octanol droplets.

Determination of Octanol in Aqueous Solution Containing HPSCD
Three milliliters of hexanol or toluene were added to 3 ml aliquots of octanol
saturated aqueous solutions. These mixtures were thoroughly shaken for 1—
2h and then centrifuged at 2000 rpm for 90 min, using a Rotina 35 cen-
trifuge from Hettich (Germany) to fully separate aqueous phase from the or-
ganic phase. Part of the organic phase layer was then transferred to a new
vial. The octanol concentration in the organic phase was measured with a
Varian 3800 Gas Chromatography equipment (Varian, U.S.A.) using a ther-
mal conductivity detector, 15 m, 0.53 mm D, polarized capillary column, and
He-gas as a mobile phase. Standard curve was obtained with octanol stan-
dards diluted in methanol or hexanol. Hexanol was used as internal standard.
The column was heated from 80 to 200 °C at a 20 °C/min rate when toluene
was used for extraction. The heating program for the hexanol samples was
50 to 100°C at a 10 °C/min rate, constant 100 °C for 1 min and then 100 to
120°C at a 6 °C/min rate.

The extraction ratio for the extraction of octanol from HPSCD solutions
was determined by extraction of octanol was also determined. The octanol
extraction ratio was 0.92 when hexanol was used for extraction and 0.25
when toluene was used. However the extraction with toluene was preferred.
Hexanol contained traces of octanol, which interfered with the detection of
low concentration of octanol

Phase-Distribution Investigations Solution of the drug was prepared in
octanol, which previously had been saturated with water. Three milliliters
aliquots of this solution were transferred to 10 ml vials containing 3 ml of
the octanol saturated water or octanol saturated aqueous buffer solutions
(Table 1). The vials were shaken, with a mechanical shaker, for 5—20h at
room temperature, to equilibrate the phase-distribution. One milliliter sam-
ples were then taken from the aqueous phase and the octanol phase. The
samples of the aqueous phase were centrifuged for 20 min at 14000 rpm to
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Table 1. Aqueous Buffer Systems Used in This Investigation
pH Buffer system Total buffer conc. (M)

=2.1 HCI

2.1-35 CHOOH/NaOH 0.20

3.5—5.7 CH,COOH/CH,;COONa 0.20

6.5—7.5 NaH,PO/Na,HPO, 0.20

8.5 H,BO,/NaOH 0.20
>9.3 HCI/NaOH 0.20

fully separate the two phases. One hundred microliters samples from the oc-
tanol and aqueous phase were then diluted into methanol and analyzed by
HPLC to determine the drug concentration. These investigations were per-
formed in triplicate for each HPBCD concentration.

Phase-Solubility Diagrams The phase-solubility of hydrocortisone,
prednisolone, diazepam, S-estradiol and diethylstilbestrol was determined in
aqueous solutions with CD concentrations up to 15% (w/v). An aqueous CD
solution was added to a vial containing an excess of the drug. The vial was
then sealed and the drug suspension heated in an autoclave (121°C for
20 min) or in case of diazepam in an ultrasonic bath (70 °C for 60 min). This
was done to promote dissolution of the drug and complexation with CD. The
chemical stability of the drugs was also monitored during heating and equili-
bration period and in all cases less than 1% degradation was observed. After
equilibration at room temperature (22—23 °C) over night the vials were
opened, small amount of solid drug added to each vial and the aqueous drug
suspensions mechanically shaken for additional 5—6 d to obtain full equilib-
rium. In the case of hydrocortisone the phase-solubility studies were also
done in octanol saturated aqueous solutions.

Finally the suspensions were allowed to settle and the aqueous drug sus-
pensions filtered through a FP 30/0.45 u CA-S filter from Schleicher and
Schuell (Germany) as the solution sieved, and analyzed by HPLC to deter-
mine the concentration of dissolved drug.

Chromatographic Conditions The quantitative determination of drugs
were performed by using a high-performance-liquid-chromatographic
(HPLC) equipment consisting of a Merck-Hitachi AS-4000 injector, Merck-
Hitachi L-6200A pump and a Merck-Hitachi L-4250 lamp fixed wave length
UV detector. The column used was a C18, reversed phase column (Phe-
nomex, U.S.A.), 150mm, 4.6mm 1D, 5um bead. The flow rate was
1.5ml/min. The mobile phases, wavelengths and retention times are dis-
played in Table 2.

Results and Discussion

Theory When a CD solution is saturated with a drug (D)
and a 1:1 D/CD guest-host complex is formed (see Chart
1A) we have the following equations:

[DLg=5 @
[CDlai(aqy=[CDl,q +[D-CD], ®3)
[Dliouia =[Plig+ [D-CD], 4

where [D],, is the concentration of free drug in the aqueous
solution, which is equal to the intrinsic solubility of the drug
(S;)- Mass balance (Eq. 3) requires that the total concentra-
tion of CD in the ([CD]q) 1S €qual to the sum of the con-
centration of the CD complex ([D-CD],) and free CD
([CD],,) in the aqueous solution. The total concentration of
dissolved drug in the aqueous solution ([D];y,q) can also be
given by a mass balance expression (Eq. 4) or, by combining
Egs. 1, 3 and 4, as the solubility isotherm®:

Kl B IS() [CD]mtal(aq)

D =8 +
[ ]mml(aq) 0 1+K|:1S0

®)
The phase-solubility diagram, a plot of [D]gy,, against
[CDlioaiaqy Will therefore be linear with intercept S, and
slope:



960 Vol. 53, No. 8
Table 2. Conditions for the HPLC Measurements
Dr Mobile phase® Wavelength Retention time
ue (Volume composition) (nm) (min)

Hydrocortisone AcN:THF:H,0 (35:1:64) 254 2.4
Prednisolone AcN: 1% AA in H,0 (27:73) 242 4.0
Diazepam MeOH/H,0 (70:30) 226 3.0
B-Estradiol AcN:MeOH:H,0 (54:1:45) 285 2.0
Diethylstilbestrol AcN : Acetate 4.8 (65:35) 236 2.0
Lidocaine MeOH : Et;N (99.5:0.5) 254 34
Naproxen AcN:H,0:AA (65:34:1) 272 2.0
Triclosan AcN:H,0 283 3.0

a) AcN=acetonitrile, AA=acetic acid, MeOH=methanol, 2-Prop=2-propanol, Et;N=triethylamine, Acetate 4.8=0.05 m aqueous, pH 4.8, acetate buffer.

KI:ISO

Slopesa = Tk, S,
1:1°0

(6)
The product K,.,S, is a unitless term, which sometimes re-
ferred to as the complexation efficacy of the CD complex.
Rearranging Eq. 6 then gives the equation normally used to
calculate K . ;:

1 1

K. .=—XK . Sy=—X
1:1 S, 1:190 S,

Sl
OPCg,y (7)
1—Slopeg,,
Phase-solubility systems where the CD solution is saturated
with two guest compounds have also been studied.” 2" A
representation of this systems is shown in Chart 1B where

Aqueous phase

ComBeCD

”Kl-l(B)

ComB
+
CD
+

ComA

i

ComAeCD

ComB

DeCD

Chart 1. (A) Solubilization of a Drug in an Aqueous CD Solution, (B)
Solubilization of Two Compounds in a CD Solution, (C) Phase-Distribution
of a Drug in a Octanol/Aqueous-CD-Solution Two Phase Stystem

The schemes show the equilibria involving drug (D), compound A (ComA), com-

pound B (ComB), octanol (O), CD (CD), and CD inclusion complexes (D-CD,
ComA -CD, ComB-CD and O-CD).

the two guest compounds are denoted as Compound A
(ComA) and Compound B (ComB). In the case were only
1: 1 complexes are formed the solubility isotherm for ComA
can then be derived by combining the mass balance expres-
sions for the two compounds and stability constant defini-
tions®:

K] : ](A)SO(A) [CD] total(aq)

[ComA], tal(aq) SO<A)Jr
s 1+ K 13)Som) T Ki:1aySoa

®)

were K., is the stability constant for complexation of
ComA, Sy, is the intrinsic solubility of ComA and
K, .18/Soes) 1s the complexation efficacy for ComB. The slope
of a phase-solubility diagram for ComA will then be:

Slopegn) = o ©)
ol
1+ K 1)Som) T Ki:1a) S0
and
e 1 (1+K,, l(B)SO(B))SlopeSol(A} (10)
1)~
Soa) 1—Slopega)

Chart 1C shows system where the drug is distributed be-
tween an octanol phase and an aqueous CD phase. It as-
sumed that both the drug and the organic solvent (octanol)
can form an inclusion complex. This system is analogous to
the system in Chart 1B (if the drug is considered as ComA
and octanol as ComB) and Eqgs. 8—10 will apply with some
modifications. The main difference is that [D],, is not fixed
but given by the equation:

[D]

oct

P

[Dl,= (11)

where [D]
phase. The apparent partition coefficient (P
defined as:

_ [l _ D]
" [Dlyuag [Pl +[D-CD]

is the concentration of the drug in the octanol

wp) can then be

oct

(12)

In this case [D];ypqq Will vary depending on the drug con-
centration in the octanol phase. However, the partition coeffi-
cient of the drug will be independent of the concentration
and it may therefore be more useful to consider the distribu-
tion isotherm rather than the concentration isotherm. The
distribution isotherm can be derived by combing Eqgs. 8, 11
and 12:
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Kl 1 CD
1 _ 1 4 P [ ]total(aq)
app p K. (13)
1 +K1 B llocl)SO(ocl) + P [D]ocl

where K. o Soc 1 the complexation efficacy for octanol.
The phase-distribution diagram of 1/P, vs. [CD]iyq Will
therefore be linear with an intercept 1/P. The slope of the

phase distribution diagram will be:

K]:l
P

Slopep;, = (14)

Kl 1
1+ R [Dloct T K 1(0etySocoet)

Rearranging this equation the stability constant for the D/CD
complex can be given as:

% (1+K;, l(oc\)SO(oct) )Slope ;g

K.,=P
; 1-[D]

15
Slope ;s (1)

oct

This general equation can then be used to determine the sta-
bility constants form the slope of a phase-distribution dia-
gram. The complexation efficacy for the organic solvent,
K 1(0ctySooer) €an be determined by a phase-solubility investi-
gation and the numerical value of this term can be used to
correct for the competitive interaction of the solvent with the
CD. The denominator term [D] ,Slopey, accounts for the
gradual saturation of the cyclodextrin binding as the drug
concentration increases. Thus when [D] Slopey,<<1 then
the drug concentration will not affect the slope and the
phase-distribution investigation can be preformed without
considering drug concentration variations. However when
this is not the case then the data must be corrected for any
variation in drug concentration.

Phase Solubility Investigations for Octanol and Hydro-
cortisone Cyclodextrin solutions were saturated with oc-
tanol. The octanol was then extracted with toluene and the
octanol concentration was determined by gas chromatogra-
phy. The slope of the phase-solubility diagram, was 0.75 and
complexation efficacy for octanol (K. Sy ocr) cOuld then be
calculated to be 3.0 (Fig. 1A).

The slope of the phase-solubility diagram for hydrocorti-
sone in aqueous solution and the complexation efficacy
(S,K,.,) were determined to be 0.61 and 1.5, respectively.
The slope of the phase-solubility diagram in aqueous solu-
tions, which had been pre-saturated with octanol was 0.32
(Fig. 1B). The expected slope calculated, according to Eq. 8§,
from the complexation efficacy for octanol and hydrocorti-
sone was 0.28. These results were consistent with the inter-
pretation that the interaction between octanol and hydrocorti-
sone was competitive, and that 1:1 complexes were mainly
formed. However ternary aliphatic-alcohol/guest-molecule/
CD complexes have been reported”® and it is possible that
this type of complexes were present in the aqueous phase to
some extend.

Phase Distribution and Phase-Solubility Figure 2
shows the phase distribution diagrams for diazepam and di-
ethylstilbestrol. The octanol-water partition coefficient for
diazepam could be determined directly with the shake-flask
method, whereas diethylstilbestrol is too lipophilic for direct
determination of P by this method. Literature log P value was
therefore used for calculation of K., for diethylstilbestrol.
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Fig. 1. Phase-Solubility Diagrams of Octanol in Pure Aqueous Solution
(1A) and of Hydrocortisone (1B) in Aqueous Solution (O) and in Aqueous
Solutions Saturated with Octanol (@)

All values are the average of three determinations.
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Fig. 2. Octanol-Water Phase Distribution Diagrams for Diazepam (2A)
and Diethylstilbestrol (2B)

All values are the average of three determinations.

Hydrocortisone, prednisolone and S-estradiol, which are also
non-ionic and moderately lipophilic drugs were also investi-
gated by the phase-distribution method (Table 3). In every
case the slope of the phase-distribution diagram was linear
(R>0.99). In the case of diazepam, estradiol and diethyl-
stilbestrol it was not necessary to account for variations in
the drug concentration as the there was only limited extrac-
tion of drug from the octanol phase and the numerical value
of the term [D] . XSlopep,, was less than 0.01. However, in
the case of hydrocortisone and prednisolone more than
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Table 3. Results from the Phase Distribution and Phase-Solubility Investigations of Neutral Drugs
Phase-distribution method Phase-solubility method
Drug/Conc. log P Slopey,  [DlX K S KS KS/KR
[mg/ml] MY Slopep; ] [mg/ml] S, [M] Slopeg,, ]
Hydrocortisone
0.5 1.59, 1.6,” 1.62° 38.5+1.0 1234 0.0076  1.90x10°9 040  1.I1x107* 0.601 1.37x10° 14
2 1.639 42,645 11.94 0.0293  2.03X10%9 1.5
Prednisolone
2 1502 1.42,2 1.6, 1.409 314*17  7.63 0.0403  9.58X10%9  0.32 8.76X107* 0.530 1.28X10° 0.7
Diazepam
2 2.68,22.8292792709 476+19 0.096 0.0007  1.84X10? 0.037 1.30Xx107* 0.0425 3.41x10> 0.5
Estradiol
0.5 4.0, 3.949 8.71X10°  0.963  0.0017  3.86X10*  0.004 147x107° 0.293 2.82x10* 14
2 0.914 0.0066  3.68x10*
10 0.840  0.0263  3.45x10*
Diethylstilbestrol
2 5.07,95.64° 1.17X10°  0.126 0.0009  5.92x10* 0.016 53%x107° 0.671 3.85x10* 1.5
10 0.123  0.0043  5.78x10* 1.5
20 0.117 0.0082  5.55x10* 1.5

a) log P as measured by the shake flask method. However, the values for B-estradiol and diethylstilbestrol could not be determined because the concentration in the aqueous

phase was below the detection limit of the analytical method. In these cases literature values (bold) were used to calculate K. .

b) From ref. 37. ¢) CLog P values calculated

using the online LOGKOW/KOWWIN Program available at: http://esc.syrres.com/interkow/kowdemo.htm  d) From ref. 38. ¢) The reported slopes were obtained for P{pI=°.

(P, extrapolated to zero drug concentration.)

50% of the drug was extracted from the octanol phase into
aqueous, 15—20% w/v, cyclodextrin solutions and [D] X
Slopep;, was >0.01. Although [D],, was not constant the
phase-distribution diagrams were linear and an estimate of
K, ., for each [D]  could be obtained. Modified Eq. 13 could
then be used to calculate the expected 1/P,,, value (1/P E;r]fo)
for the system when the drug concentration ([D],) ap-
proaches zero concentration.

Kl: 1 CD
1 1 2 [ ]lolal(aq)
D0 p + (16)
Faon B K S + L D
1:1(oct)~ 0(oct) P [ ]oct

An exact K, ., could then be re-calculated from phase-distri-
bution diagram of the 1/P{21~° data. The differences between
the initial estimates and the final exact K., values were less
than 5%.

Given the general variability in reported K., values for
cyclodextrin inclusion complexes, depending on the method
used,”” there was reasonably good correlation between sta-
bility constants obtained with the phase solubility (K3%))
method and stability constants obtained with the phase-distri-
bution method (K¢, Table 3). The K9 /K3, ratio ranged
from 0.5 to 1.5 with an average value of 1.1, for the five
compounds. These observation provide further validation of
the value of correction factor (i.e. K. | oSy =3-0) used to
account for the inclusion of the octanol in the cyclodextrin
cavity.

Changing the initial concentration of the drug, hydrocorti-
sone, P-estradiol or diethylstilbestrol, had only minor effect
on the calculated X, ., (Table 3).

There is some variation in the log P values reported in lit-
erature depending on experimental or calculation method
used and there are also considerable variations in the re-
ported intrinsic solubilities, especially in the case of poorly
soluble drugs.***" Variations in the reference values used
will affect the K., determination. The phase-distribution
system is more complex than the phase-solubility system as

the interactions between the two guest compounds, i.e. the
organic solvent molecule and the drug molecule, have to be
considered. However, the disadvantages of the phase-solubil-
ity method are that relatively long equilibrium time (one
week or more) is required and that considerable excess of the
drug must be added to the complexation media. The advan-
tages are the phase-distribution method is that only small
amount of the drug is required and the equilibration times
can be very short (only a couple of hours or less). In the pre-
sent study the vials containing the two phases were shaken
for 5—20h, but investigation with hydrocortisone showed
that 30 min was more than sufficient time to obtain full drug
equilibration between the octanol phase and the aqueous
phase.

Acidic and Basic Compounds Two weakly acidic
drugs, i.e. naproxen and triclosan, and one weakly basic
drug, i.e. lidocaine, were investigated by the phase-distribu-
tion method. The apparent partition coefficient (P, x-+ux))
for acidic and basic drugs will be the weighted average of the
apparent partition coefficients for the neutral and ionic
forms. For monoprotic substances the following equation
will apply*?:

108 P x4 13 = 10Z(Ppp)+ Pappieig X 1072 P) —log(1+10P%27PH)

an

Where P, is the apparent partition coefficient for the de-
protonated species (deprotonated acid or neutral base) and
P oncxi 18 the apparent partition coefficient for the protonated
species (protonated base or neutral acid). Figure 3 shows
log P, vs. pH data for these drugs at various cyclodextrin
concentrations, fitted according to Eq. 17. From these inves-
tigations the values of P, «, and P, xy), for each cyclodex-
trin concentration, could be determined. The K., values for
the neutral and ionic form (Table 4) could then be obtained
from the slopes of the phase-distribution diagrams of
VP o) V8. [CDigataq) A0 1P, x) VS. [CDigy1(aq)- Lidocaine
is relatively hydrophilic and HPSCD only affected the parti-
tion of the neutral form of the drug, whereas it had insignifi-
cant effect on the partition of the ionic form. Cyclodextrin
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affected the phase-distribution of both the neutral and ionic
form of naproxen and triclosan. The stability constants for
the HPBCD complexes of the neutral and ionic form of
naproxen have been determined by various methods. The re-
ported K,., values for the neutral and ionic form are
1.67x10° and 3.31Xx10%%? 5.16X10° and 6.65X10%*"
6.35%10* and 1.40x10°* or 6.52X10% and 1.03x10* M~ '39
as determined by phase-solubility, UV spectrophotometry,
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Fig. 3. pH-log P, Profiles for Naproxen (3A), Triclosan (3B) and Lido-
caine (3C)

Data shown for 0 (O), 1% (®), 5% (CJ) and 15% (M) (w/v) HPCD solutions.
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fluorometry or titration calorimetry, respectively. The values
determined by the phase-distribution method fall well within
the range of these values.

The buffer concentrations were kept at 0.2 M but the ionic
strength was not strictly controlled. In general the ionic
strength should have limited effect on the phase distribution
of the neutral form.*® The ionic drug forms will partition
into the organic solvent as ion pairs. This partitioning is,
however, affected not just by the ionic strength in the aque-
ous solution but also by the concentration of the counter ion.
Table 4 shows that the partition coefficient for the naproxen
anion increased significantly when KCI was added to aque-
ous phase, which is consistent with increased partitioning of
the relatively lipophilic ion pair with the potassium cation.
The increase in P,,,x, was five-fold when the concentration
of the added of KCl was 0.5 M. The slope of the phase-distri-
bution diagram was also affected. However the effect of the
salt concentration on the CD complexation was much smaller
with only about 70% increase at the highest salt concentra-
tion. Added salt had relatively small effect on the partitioning
of the neutral form of naproxen resulting in less than 50% in-
crease when the KCI concentration was increased from 0.0 to
0.5M concentration and the changes in KCl concentration
had no effect on CD complexation. The observed effect of
the salt concentration on complexation of the ionic and neu-
tral form naproxen was comparable to what has previously
been reported.*®

Conclusion

Here we have proposed a phase-distribution method for
determination of the stability constants of CD complexes
from the slope of the phase-distribution diagram and the P
value. In the equation we have introduced a correction factor
to correct for the inclusion of octanol in the cyclodextrion
cavity. The proposed method is analogous to the phase-solu-
bility method where the stability constant is determined from
the slope of the phase-solubility diagram and S,. The pro-
posed equation also accounts for the effect of the drug con-
centration on P, .

The investigations of D/HPBCD complexes confirmed that
results were obtained with the proposed phase-distribution
method were comparable to results obtained with the phase-

Table 4. Results from the Phase-Distribution Investigations of Weakly Acidic and Weakly Basic Drugs

Drug/Form log P P Slopep,;, [M~'] R= [D],. % Slope K& 1
Naproxen
AH 3.2593.2,23.19 1.79+0.39%x10? 0.5108 0.992 0.0044 3.66x10°
A
No KCl —1.06” 8.7+2.0x1072 8879 0.981 0.578 3.06X10?
0.1MKCl —0.76" 1.7+0.8x107! 5467 0.923 0.665 3.83%10?
0.2mM KCl —0.60” 2.5£0.9%107" 4089 0.992 0.650 4.11X10?
0.5M KClI —0.339 47+1.9%107! 2779 0.988 0.726 5.16X10?
Triclosan
AH 4.8,2 4.66° 6.31x10* 0.0056 0.992 0.0000 1.40%10°
A 2.099 1.3+1.2X10% 0.6307 0.902 0.0043 3.12%10?
Lidocaine
AH' -1.419 3.86+0.90x1072 No binding
A 2299249 1.95+0.22X 107 0.028 0.856 0.0002 2.16X10'

a) log P as measured by the shake flask method. The value for triclosan could not be determined because the concentration in the aqueous phase was below the detection limit

of the analytical method. In this case a literature value (bold) was used to fit the pH-log D data and to calculate K ..
online LOGKOW/KOWWIN Program available at: http://esc.syrres.com/interkow/kowdemo.htm d) The reported slopes were obtained for P

concentration.)

b) From ref. 37. ¢) CLog P values calculated using the

D]-0
2120, (P,,p extrapolated to zero drug
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solubility method. The phase-distribution method should also
be applicable for other types of organic solvents and CDs,
but this would require that complexation efficacy of the or-
ganic-solvent/CD complex must first be determined. Al-
though the phase-distribution system in the is more complex
than simple phase-solubility systems, the advantage of the
phase-distribution method is that it can be completed in a rel-
atively short time and the quantity of the guest compound re-
quired is relatively small. This method can therefore be con-
sidered for screening purposes. Another advantage of this
method is that stability constant calculation is based on the
log P that, in general, is a more reliable value than S;. It is
also relatively straightforward to apply this procedure to ob-
tain the stability constants for the neutral and ionic form of
weakly acidic and weakly basic drugs. In the case of hy-
drophilic and moderately lipophilic drugs it can be used for
simultaneous determination of the stability constant of the
CD complex and the octanol-water partition coefficient.
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