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Purpose. Potentiometric lipid membrane-water partition coefficient studies neglect electrostatic
interactions to date; this leads to incorrect results. We herein show how to account properly for such
interactions in potentiometric data analysis.

Materials and Methods. We conducted potentiometric titration experiments to determine lipid
membrane-water partition coefficients of four illustrative drugs, bupivacaine, diclofenac, ketoprofen
and terbinafine. We then analyzed the results conventionally and with an improved analytical approach
that considers Coulombic electrostatic interactions.

Results. The new analytical approach delivers robust partition coefficient values. In contrast, the
conventional data analysis yields apparent partition coefficients of the ionized drug forms that depend on
experimental conditions (mainly the lipid-drug ratio and the bulk ionic strength). This is due to changing
electrostatic effects originating either from bound drug and/or lipid charges. A membrane comprising
10 mol-% mono-charged molecules in a 150 mM (monovalent) electrolyte solution yields results that
differ by a factor of 4 from uncharged membranes results.

Conclusion. Allowance for the Coulombic electrostatic interactions is a prerequisite for accurate and
reliable determination of lipid membrane—water partition coefficients of ionizable drugs from
potentiometric titration data. The same conclusion applies to all analytical methods involving drug
binding to a surface.

KEY WORDS: bupivacaine; diclofenac; drug-binding; ketoprofen; potentiometric titration; terbinafine.

INTRODUCTION

Lipophilicity and ionization are key physicochemical
characteristics that control bioavailability and pharmacoki-
netics of drugs. They often play an important role in the
pharmacodynamics of drugs, as well. They are influential in
analytical studies, especially in all kinds of reverse-phase
chromatography, where they influence drugs distribution in
and retention by the matrix.

Traditionally, drug lipophilicity was characterized by study-
ing the partitioning between octanol and water. Expressed in
terms of partition coefficient, P, such lipophilicity parameter
was then correlated with the drugs pharmacokinetics and
pharmacodynamics. The octanol-water partition coefficients
may be misleading, however. Octanol is a medium with a low
dielectric constant, which can only model the hydrophobic
molecular interactions. Biological membranes have more com-
plex structure and interact with drugs through more diverse
mechanisms, including hydrogen bonding and electrostatic
interactions. Octanol thus favors partitioning of the neutral
form of ionizable drugs and underestimates partitioning of the
ionized drug forms. Phospholipid bilayer membranes, prefera-
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bly in the form of bio-mimetic phospholipid bilayer vesicles
(liposomes), were therefore introduced as a better model than
octanol to study biologically relevant drug partitioning (1-4).

Several methods are available to study lipid membrane—
water partition coefficients, Ppemm. Potentiometric titration
(5-7), ultrafiltration (2,4), equilibrium dialysis (8,9), spectros-
copy (10-12), isothermal titration calorimetry (13), and
immobilized-liposome chromatography (6,14,15) are particu-
larly popular, but other methods can be used as well (16-18).

Due to its experimental simplicity, the potentiometric
titration method has gained special interest. The method
employs a two-phase titration approach (Fig. 1). First, the test
substance is titrated in an aqueous solution against a standard
acid or base, to deduce the drug aqueous ionization/dissociation
constant, expressed as pK,. Second, the titration is repeated in
presence of a second compartment (e.g. lipid membranes). A
minimum of two titrations with different organic-aqueous
compartment volumes ratios are needed. They yield apparent
dissociation constants, pK3™ , that differ from the aqueous pK,
as a function of the employed organic-aqueous compartment
volumes ratio (Figs. 1-2). From the difference ApK,=pK3™® —
pK. one can calculate the partition coefficient of the neutral, PN,
as well as the ionized, P', test substance forms (5,7).
Simultaneously, one can also calculate the test substance
dissociation constant in the membrane, pK ;™.
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Fig. 1. Schematic illustration of dissociation and partitioning equilibria for acids and bases
in a lipid membrane-water system.

The potentiometric titration method has many advan-
tages. It requires no phase separation, a time consuming
process that can disturb the equilibrium state of samples. It
can be used over a wide range of partition coefficients. It
affords complete lipophilicity profiles of ionizable drugs in the
partition system, since being a continuous method (as
opposed to the point-by-point methods, such as dialysis).
Gaining information on the apparent dissociation constant of
the drug in the membrane, in addition to the partition
coefficients, is attractive as well. The method gained popu-
larity with the introduction of Sirius pH-metric log P titration
equipment, which includes analytical software (Sirius Analyt-
ical Instruments Ltd., UK). It is equally possible, however, to
use any common titrator or a simple pH-meter to get the
necessary experimental data, if one can write an own
analytical program.

Interpretation of potentiometric titration results must be
done with utmost prudence. Incorporation of an ionized drug
into a neutral phospholipid membrane charges-up the mem-
brane (or modifies the membrane’s surface charge density, if the
membrane is intrinsically charged). This hinders further drug
incorporation and affects the observed drug distribution (4,6,19)
and pKZP . Potentiometrically determined P' values of different
organic acids and bases were thus somewhat smaller than the
corresponding values determined with alternative methods (6).
The assumption that P' is constant over the employed range of
lipid-aqueous compartment volumes ratios (Eq. 3) is therefore
also inevitably inaccurate. As a consequence, the published
uncorrected P' values, derived potentiometrically, are often
doubtful. The corresponding P values are usually more reliable
as they are not directly affected by electrostatic interactions’,
which cause the P! variability.

The aim of this work was to improve the understanding of
potentiometric titrations in complex systems and to progress
the potentiometric partition coefficient determination by
developing an improved analytical approach. We specifically
intended to improve the method reliability by taking Coulom-
bic electrostatic interactions into account. This should deliver
intrinsic P and P} values rather than experiment conditions
dependent apparent PN and P' values. To the effect, we
potentiometrically studied the partitioning of four ionizable

" When PN is close to P!, the wrong assumption of a constant P' can
also affect the calculated PN value, as the two parameters are
typically derived simultaneously from the same data set.

drugs, the cationic bupivacaine and terbinafine and the anionic
diclofenac and ketoprofen, into neutral, phosphatidylcholine,
and/or negatively charged, mixed phosphatidylcholine-
phosphatidylglycerol, bilayer membranes.
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Fig. 2. The apparent dissociation constant, pK3™ , of acidic and basic
drugs as a function of the lipid-aqueous compartment volumes ratio,
r. The practically usable range is 10 *<r<10"'. a Effect of intrinsic
membrane charges. b Effect of drug-dependent membrane charging.
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MATERIALS AND METHODS
MATERIALS

We obtained soybean phosphatidylcholine (SPC, Lipoid
S 100, purity >95%, the assumed average molecular weight
~800 g/mol) from Lipoid GmbH (Ludwigshafen, Germany).
The sodium salt of 1,2-dimyristoyl-sn-glycero-3-phosphogly-
cerol (DMPG, Na, purity >99.5%, molecular weight=
688.86 g/mol) was from Genzyme Pharmaceuticals (Liestal,
Switzerland). Bupivacaine hydrochloride monohydrate was
purchased from Heumann PCS GmbH (Feucht, Germany),
diclofenac sodium from Fagron GmbH & Co. KG (Barsbiit-
tel, Germany), ketoprofen from Bidachem (Fornovo S.
Giovanni, Italy), and terbinafine hydrochloride from Amino
Chemicals Ltd. (Marsa, Malta). All were of pharmaceutical
quality. All other chemicals and reagents were of analytical
grade.

Preparation of the Liposomes

We prepared large unilamellar vesicles (LUV) by
extrusion. In brief, we dissolved the selected lipids (SPC for
the neutral membranes or SPC/DMPG™ (93.36:6.74 mol/mol)
for the negatively charged membranes) in chloroform (SPC)
or 3/1 v/v chloroform/methanol mixture (SPC/DMPG") in a
500 mL round-bottom flask. Vacuum evaporation of solvents
at 50°C in a rotary evaporator yielded a thin lipid film, which
we hydrated at the same temperature with 150 mM aqueous
sodium chloride solution. This produced multilamellar
vesicles (MLV) suspension with a total phospholipid
concentration of 120 mg/mL. We then prepared LUV
suspension by extruding such MLV suspension eight times
through 0.1 pm polycarbonate membranes (GE Water &
Process Technologies, Trevose, PA, USA) under 1.2 MPa
nitrogen gas pressure. The mean diameter of the neutral
LUVs was 145 nm and of the charged LUVs 130 nm, as
determined by dynamic light scattering (ALV-NIBS/HPPS
particle sizer, ALV-Laser Vertriebsgesellschaft mbH, Langen,
Germany). The polydispersity index was in either case
smaller than 0.1.

Potentiometric Titration Measurements

For samples preparation, we dissolved the drug in
aqueous NaCl solution adjusted to pH ~3.5 with HCI (for
bupivacaine and terbinafine) or to pH ~9.0 with NaOH (for
diclofenac and ketoprofen). We then mixed the drug solution
with the LUV suspension and thoroughly stirred the mixture
for 15 min. Additional equilibration for up to 3 hours did not
affect the results. For diclofenac and ketoprofen, we finally
adjusted the mixture pH to ~3.5 with HCl. For each set of
experiments, we used samples with at least four different
lipid-water volumes ratios (between 0.006 and 0.11,
corresponding to SPC concentrations between 7 and
126 mM) and maintained total drug concentration at 5 mM
and ionic strength at either 150 mM or 600 mM.

For titrations, we used Mettler DL 67 and DL50 graphix
automatic titrators (Mettler-Toledo, Switzerland), equipped
with Lab X pro version 2.a instrument controlling software.
We conducted all titrations alkalimetrically at 37°C. We
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adjusted the titrant (0.1 M NaOH) with NaCl to maintain
constant ionic strength during titrations. The titrant volume
per addition was automatically adjusted within the range of
0.005-0.020 mL to limit the pH change to about 0.04 pH
units. The sample was allowed to equilibrate under stirring
for 1-10 min after each titration step.

We determined bupivacaine’s and ketoprofen’s aqueous
pK. by fitting the measured potentiometric titration curves,
over the pH range in which the tested drug is soluble, with the
conventional titration equations. For diclofenac and terbina-
fine we used the published aqueous pK, values of 4.01 and
7.05, respectively (20).

Potentiometric Data Analysis

We programmed a Mathcad calculation sheet (Mathcad
version 11.0b, Mathsoft Engineering & Education, Inc.,
Cambridge, MA, USA) with the set of equations given in
“RESULTS AND DISCUSSION” and in APPENDIX. This
included expressions for the intrinsic (lipid-dependent) mem-
brane surface charge density, o yem, the surface charge density
due to membrane associated drug (drug-dependent), op, and
the resulting membrane electrostatic potential, w. We then
used the program to extract the test drugs partition coef-
ficients from the measured pH titration data with non-linear
regression analysis using Mathcad’s equations solving routine
(Levenberg-Marquardt algorithm). We checked analytical
sensitivity by determining the lower and upper limit values
for each parameter that yielded residual sum of squares 10%
higher than the optimum parameters values. We confirmed
that starting parameters variation over a reasonable range
had no effect on the final analytical result. We used the same
program to model the theoretical cases illustrated in some of
the figures.

RESULTS AND DISCUSSION
Theoretical Considerations
We used the partition coefficient most conventional

expression, as the ratio of the molar drug concentration in the
membrane, Crem v, and in the aqueous compartment, Cyq v:

Cmem \%
P = —. 1
Cagy 1)

The subscript V' denotes concentrations based on the lipid,
Vimem, and the aqueous, V4, compartments volumes. The often
used alternative definition:

Cmem qu o Cmem

= @)

P=
Caq Vinem

relies on Crery and C,q, defined analogously but based on the
total suspension volumes, with r is the lipid-aqueous compart-
ment volumes ratio. Both definitions presume a large excess of
lipid over the lipid-associated drug fraction (limiting case). As is
evident from Table I, the numeric partition coefficient values
depend on the concentration units used (21).

Introduction of a second compartment (e.g. octanol)
influences the dissociation behavior of the tested compound

(Fig. 1) and shifts its dissociation constant from pK, to pK2PP* .
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continue to work with uncorrected potentiometric data. In
contrast, it is now customary to include corrections for the
drug-dependent electrostatic effects in the analyses of drug—
membrane association measurements conducted at a constant
pH, where it is admittedly easier to achieve the task. Table II
provides a summary of some drug distribution studies
(4,19,25,27-30), in which analysts have applied these correc-
tions. The drug-dependent electrostatic contribution results in
distribution coefficient values that are sensitive to experimen-
tal conditions and can be up to more than 90% below the
correct value (cf. Table IT).

In the above-mentioned studies, the correction was done
simply as an iterative, post hoc correction. More specifically,
analysts first determined the apparent drug distribution
coefficient. Subsequently, they calculated the drug-dependent
electrostatic potential, based on the bound drug concentra-
tion, and used the result to correct the originally measured
apparent distribution coefficient. Point-by-point methods,
during which each experiment is carried out at a constant
pH value and a constant lipid—drug ratio, allow such iterative
post-correction. Potentiometric studies need more complex
correction procedure, however. The reason is that the drug-
dependent electrostatic potential changes during each single
titration as a function of the pH. Lipid—water volumes ratio
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dependent electrostatic potential as well. One must therefore
apply electrostatic correction consistently to all data points.

To cope with the task, we developed an analytical
approach that explicitly considers Coulombic interactions and
thus provides accurate intrinsic partition coefficient values for
the ionized as well as the neutral drug forms independent of
experimental conditions. The underlying principle is that the
ionized drug binding charges-up the membrane and conse-
quently affects the apparent partition coefficient of the ionized
drug. The relationship between the observed apparent parti-
tion coefficient, P, and the real intrinsic partition coefficient,
Pl | is given by the Boltzmann factor:

P' = Plexp[-]. (6)

The membrane normalized dimensionless electrostatic potential,
@, or the corresponding electrostatic potential at the drug binding
site, yw =PkgT/zey, is a function of the net surface charge density,
o, given by the sum of the lipid-dependent membrane surface
charge density, omem, and the drug-dependent surface charge
density, op. Equation 4 therefore has to be replaced with Eq. 7
for the acidic or Eq. 8 for the basic drugs:

varies within each set of experiments, which affects the drug-

for an acid

ApK? =log(1 + PyRr") —log{1 + Pyr" exp[—®@ (omem + )] }
)

(7

Table II. Effect of the Drug-Dependent Electrostatic Potential on Measured Apparent Lipid Membrane—Water Distribution Coefficient, D, of
Selected Drugs

Distribution coefficient, D

Compound Analytical technique Neglecting electrostatics Considering electrostatics D/D,
Dibucaine (30) Ultracentrifugation 52.6-259.5 M ! @S 66080 M/ 0.080-0.393
Using a-deuterated POPC vesicles: 0.1 M NaCl,
50 mM buffer, at pH=5.5, 25°C
Etidocaine (30) Ultracentrifugation 32-79 M abf 112 M1 ef 0.290-0.716
Using a-deuterated POPC vesicles: 0.1 M NaCl,
50 mM buffer, at pH=5.5, 25°C
Melittin (27) Ultracentrifugation (04-1.6)x10° M ' »/ (21202)x10° M/ 0.177-0.779
Using POPC vesicles: 40 mM bulffer, at
pH 6.8-6.9, 25°C
Flunarizine (25) Ultracentrifugation 6,885-19,430 M *>/ 28 700+3350 M '/ 0.240-0.677
Using POPC vesicles: 0.1 M NaCl, 30 mM
buffer, at pH=5.0, 20°C
Amlodipine (28) Ultracentrifugation 3,984-10,476 Mt *f 15500+1,000 M/ 0.257-0.672
Using POPC vesicles: 0.1 M NaCl, 10 mM
buffer, at pH=7.25, 25°C
Proxicromil (4) Ultrafiltration 1,650-7,172 <€ 8,154 ¢ 0.202-0.880
Using DOPC vesicles at pH=7.4, 25°C
Salmeterol (4) Ultrafiltration 3,640-11,674 © ¢ 9,552 ¢ 0.381-1.222
Using DOPC vesicles at pH=7.4, 25°C
Sodium cholate (29) Isothermal titration calorimetry 7,750 @48 6.4x10° 8 0.001
Using DPPC vesicles: water at pH=7.4, 60°C
Sodium cholate (29) Isothermal titration calorimetry 2.0x10° 48 9.8x10° 8 0.204

Using DPPC vesicles: 0.1 M NaCl at pH=7.4, 60°C

“ Experiments were carried out at pH values where the compounds are assumed by the authors to be more than 99% ionized (i.e. D~P')

> Range of D values measured through different drug concentrations

“Range of D values measured through different ionic strengths and drug concentrations
4 Average partition coefficient through the whole concentration range used

¢ D calculated using molar concentration units
fD calculated is lipid membrane related (c.f. Table I)
& D calculated using mole fraction concentration units (c.f. Table I)
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ApK! =log{1 + P{"r*exp[— @ (omem + 0 )] } — log(1 + Py )
for a base (8)

These equations contain interdependent parameters and
should be solved in a self-consistent fashion. The procedure
for calculating @ as a function of o, and op, and for solving
such problem, is described in the APPENDIX. The dissoci-
ation constant shift caused by Coulombic interactions, ApK¢! ,
is positive or negative depending on the net membrane
charge sign and the drug charge sign (cf. Fig. 2).

Experimental Results

The aqueous ionization/dissociation constants of bupiva-
caine and ketoprofen, measured at 37°C, are given in Table III.
They agree with the published data (31-33).

For the neutral membranes, simple use of the conven-
tional model (Eq. 4), which neglects electrostatic interactions,
leads to apparent partition coefficient values of the ionized
drug forms that are typically lower than the correct intrinsic
values (Eqs. 7-8). This is due to the drug-dependent
electrostatic potential. We found the error to be around
12% (0.05 difference on the log scale) for bupivacaine and
ketoprofen and around 19% (0.09 difference on the log scale)
for cholate?, under the experimental conditions used in this
work (Table 1V).

Partition coefficient of the neutral drug forms should be
unaffected by Coulombic interactions. For ketoprofen, with
widely different PN and P! values, this is true. In contrast, the
directly calculated PN value of bupivacaine, with relatively
close PN and P' values, is approximately 11% wrong (0.04
difference on the log scale), owing to the error-spillover from
the uncorrected, and thus erroneous, P'.

The problem is even more evident with diclofenac and
terbinafine, for which potentiometric measurements deliver no
sensible PN and P' values without proper correction for the
Coulombic interactions. The unusual pK;”™ —r behavior
illustrated in Fig. 3, which the conventional model completely
fails to describe, highlights the quandary. Instead of the
common, continuous, and unidirectional pK3™  shift with
the lipid-aqueous compartment volumes ratio, r (cf. Fig. 2), the
directly measured terbinafine pK;3™ initially decreases and then
increases with r (cf. Fig. 3). Diclofenac behaves similarly but,
being an acid, in the opposite direction: the pK3*? of diclofenac
thus initially increases and then decreases with . We can explain
this behavior by separating the non-Coulombic (due to the
relatively low local dielectric constant around bound drug
molecules) and Coulombic contributions to the net ApKa™
(Fig. 3 insets). The progressive partitioning into lipid bilayers,
driven by the drug lipophilicity, imparts high surface charge
density to the originally neutral lipid membranes. At low lipid
concentration, the strong charge-charge repulsion, expressed as
the initial high ApK¢' , causes the initial pK3*® extra-decrease
for terbinafine and extra-increase for diclofenac. Raising
relative lipid concentration lowers the drug-dependent surface

2 Data from another study (not published yet) conducted in our
laboratory.
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Table III. The Aqueous Dissociation Constants (pK,) of Tested
Drugs at 37°C

Ionic strength (mM) pK.

Bupivacaine 150 8.02+0.01

600 8.10+0.00
Ketoprofen 150 4.01+0.02

600 3.88+0.03
Terbinafine (20) 150 7.05
Diclofenac (20) 150 4.01
Cholic acid” 150 4.80+0.00

“Data from another study (not published yet) conducted in our
laboratory

charge density and thus ApK¢! | causing net pK;™ increase for
terbinafine and decrease for diclofenac. Only the analytical
approach proposed herein (Egs. 7 and 8), which considers the
Coulombic electrostatic interactions, successfully describes this
behavior (cf. Fig. 3). We calculated the pK3™ as a function of r
and the intrinsic P} from Egs. 7 and 8, considering Coulombic
interactions. We conclude that any drug with a log P} >2, will
exhibit such non-ideal pK3™ —r dependency, even if drug
concentration is as low as 2 mM (for 0.006<r<0.11). We also
expect similar behavior for drugs with lower P} , if higher drug
concentrations are used.

Ionic strength influences the apparent P' values; comparison
of data measured for bupivacaine and ketoprofen in 150 and
600 mM electrolyte solutions shows that. We generally find that
the apparent P' values are higher in more concentrated
electrolyte solutions® (cf. Table IV), arguably due to decreasing
the surface electrostatic potential with increasing ionic strength
(electrostatic repulsion shielding caused by the electrolyte
counter-ions, see APPENDIX). Ionic strength therefore affects
relatively little the potentiometrically derived partition coefficient
values corrected for Coulombic interactions. It is noteworthy that
simple adjustment of the test medium ionic strength to biological
salt concentrations does not ensure getting a biologically relevant
partition coefficient. One must in any case correct for the drug-
dependent membrane charging effects. The ionic strength effect,
which is small in the current study for bupivacaine and
ketoprofen, depends on the drug pK;™ and the lipid-drug molar
ratio (up to 27 in the current work). The effect is greater for drugs
with higher P}, for experiments conducted with lower lipid-drug
molar ratios, or for experiments conducted in more dilute
electrolyte solutions.

For terbinafine titrated in 600 mM electrolyte solution
inclusion of the correction for Coulombic interactions was
insufficient for a sensitive derivation of P and P} values; we
could only determine the lower limit of each parameter under
such experimental conditions (Table IV). To get more
meaningful data, experiments would have to be done with
very low r values, i.e. in the steep part of the pK3™ — r curve
(cf. Fig. 3), which is practically precluded by possible

3 This is also evident for terbinafine, although the conventional
model, neglecting electrostatic interactions, could not be used to
obtain P' values. The pK;™ values at the same lipid concentrations
were higher at higher bulk ionic strength, which indicates higher
apparent P' (data not shown).
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Table IV. The Lipid Membrane-Water Partition Coefficients of Tested Drugs at 37°C

Tonic
strength (mM)

Lipid

Neglecting electrostatics

Considering electrostatics

log PN

log P!

log PY

log P},

Bupivacaine

Ketoprofen

Terbinafine

Diclofenac
Cholic acid ©

150
600
150
150
600
150
150
600
150
150

SPC
SPC
SPC/PG
SPC
SPC
SPC/PG
SPC
SPC
SPC
SPC

2.715 (2.693-2.738)
2.846 (2.826-2.866)
2715 ¢

3.284 (3.268-3.300)
3.410 (3.390-3.431)
3317 (3.304-3.330)

e

e

3.902 (3.781-4.050)

1.483 (1.443-1.522)
1.688 (1.656-1.721)
1.710 (1.697-1.723)
0.940 (0.890-0.987)
0.994 (0.932-1.052)
0.788 (0.737-0.836)

e

e

1.479 (1.260-1.708)

2.671 (2.657-2.684)
2.787 (2.770-2.803)
2.671°¢

3.280 (3.266-3.294)
3.407 (3.388-3.427)
3.316 (3.304-3.328)
5.194 (5.122-5.398)
5.298 (4.996-0)
3.924 (3.902-3.946)
3.876 (3.784-3.973)

1.534 (1.505-1.562)
1.680 (1.649-1.711)

1.534% [1.377 (1.355-1.398)] ¢

0.997 (0.948-1.043)
1.023 (0.963-1.081)

1.010° [1.247 (1.196-1.295)] ¢

3.775 (3.697-3.989)
3.917 (3.610—0)

2356 (2.326-2.387)
1.573 (1.385-1.747)

Values between parentheses are the lower and upper limits of each parameter
“Fixed to the value observed for neutral membrane (SPC) at 150 mM ionic strength
b Using intercharge distance=0.228 nm
¢ Using intercharge distance=0.461 nm
4 Without allowing for separation between intrinsic membrane charges and drug-dependent charges

¢ The conventional analytical approach, neglecting electrostatic interactions, fails to describe terbinafine and diclofenac titration data (cf. Fig. 3)
and delivers no sensible partition coefficient values
' Calculating using data from another study (not published yet, r=0.006-0.11, total cholate concentration=5 mM) conducted in our laboratory,
presuming that the herein proposed model is applicable to cholate-membrane interaction
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membrane saturation with the drug. The problem is less
evident in 150 mM electrolyte, where stronger Coulombic
effects shift the steep part of the pK;™ — r curve towards the
higher, and thus experimentally accessible, r values (cf. Fig. 3).

To further explore the drug-dependent electrostatic
effects, we calculated the error resulting from neglect of
Coulombic interactions (Figs. 4 and 5). Avdeef et al. (5)
suggested that drugs with high P" require use of high lipid-
drug molar ratios to ensure an excess of the available drug
partitioning sites. They suggested the optimum lipid-drug
molar ratios to be >5, >2, and >1 for drugs with log PN>5,
within 3-4, and <3, respectively (5). Such recommendation
considers the possible membrane saturation with the drug
neutral form but neglects the equally possible “electrostatic
saturation” due to the drug-dependent membrane charging.
We addressed this latter problem by calculating the error
(expressed as the ratio of the ionized drug form apparent and
intrinsic partition coefficients, P'/P} ), resulting from neglect of
Coulombic interactions, as a function of the intrinsic ionized
drug form partition coefficient and the selected lipid-drug
molar ratio, at 150 mM ionic strength and 37°C (Fig. 4). The
difference between the correct intrinsic P}, and the apparent P'
can be quite large. Fig. 4 implies that the selected lipid—drug
molar ratio should be >31 for drugs with log P}, =1 and >63 for
drugs with log P}, =2 to keep the error in the derived P' below
10%. Using such a high lipid-drug molar ratio is impractical,
however, as it precludes accurate potentiometric measurements.
Moreover, even if a high lipid—drug molar ratio is used (by using

4Fig. 3. Terbinafine and diclofenac apparent dissociation constant,

pKi'®, as a function of the lipid—aqueous compartment volumes ratio,
r, at 37°C and 150 mM bulk ionic strength. The symbols show results
of individual potentiometric titration experiments. The dashed curve
describes the best fitting results using conventional data analysis that
neglects electrostatic interactions (Eq. 4). The thick curve describes
the best fitting results using the proposed analytical approach (Egs. 7
and 8). Inset: The Coulombic and non-Coulombic contributions to
the overall dissociation constant shift.
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Fig. 4. The effect of the drug-dependent Coulombic electrostatic
interactions on the ionized drug form partitioning as a function of the
lipid-drug molar ratio and the intrinsic partition coefficient of the ionized
drug form, expressed as log P} . The figure gives the calculated error,
expressed as the ratio of the ionized drug form apparent and intrinsic
partition coefficients, PYP! at 150 mM bulk ionic strength and 37°C. The
thick curve shows the 0.9 limit, i.e. the 10% error boundary.

a very large sample volume containing a considerable drug
amount while maintaining a high lipid-drug molar ratio), the
electrostatic correction is a prerequisite for analytical accuracy.
Increasing the bulk ionic strength diminishes this need and
reduces the error (cf. Fig. 5), but the error still exists even in a
1 M solution at lipid—drug molar ratio of 5. Electrostatic
interactions must therefore be properly allowed for to ensure
accurate potentiometric data analysis.

We collected complementary evidence by studying test
drugs partitioning into anionic liposomes prepared from a
SPC/DMPG™ 93.36:6.74 mol/mol mixture. We expected more
binding of the cationic bupivacaine and less binding of the
anionic ketoprofen to such negatively charged membranes
surfaces; the directly measured ApK;™ values should be
accordingly lower for bupivacaine and higher for ketoprofen
relative to the neutral membranes (cf. Fig. 2). Fig. 6 shows
that this was indeed the case. Similar results were reported
for tetracaine, where increasing the percentage of anionic
lipids in bilayer membranes from 0% to 30% lowered ApK5*P
from 0.43 to 0.24 pH units (34). This confirms the membrane
electrostatics effect on drug partitioning.

Simple allowance for Coulombic interactions expressed
through bilayer “surface potential” is reasonably accurate for
the intrinsically neutral membranes, where &=%(op). The
surface potential #=P(op+0mem), calculated from the known
negatively charged lipids concentration in the membrane, is
often too high, however. It thus gives too low intrinsic P}
values for bupivacaine and too high such values for ketopro-
fen in the negatively charged membranes relative to the
corresponding neutral membranes values (Table IV). Two
most likely explanations are: (1) the charged drug molecules
bind at some distance from lipid charges, which lowers the
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effective electrostatic potential experienced by the former
and diminishes discrepancy between P' and Pl (cf. Eq. 19);
(2) the assumed interfacial dielectric constant is too low.
Assuming the highest possible interfacial dielectric constant
(e;,=78 for water) was not enough to correct the results,
suggesting that the first explanation is more likely.

To test the hypothesis, we reanalyzed the data allowing
for a finite distance between the charges on DMPG™ and on
the bound drug molecules. We derived the effective
electrostatic potential experienced by the drug molecules at
their binding sites from the P} values pertaining to the
neutral membranes. This gave —16.6 mV for bupivacaine and
—10.9 mV for ketoprofen. For comparison, the nominal
surface potential calculated based on the known membrane
composition is —25.8 mV. To experience such potential values,
the distance between DMPG™ charges and bound drug
charges should be 0.228 nm for bupivacaine and 0.461 nm
for ketoprofen. Other factors, such as membrane hydration,
could influence the calculated distance, but would not change
the fundamental conclusion that intrinsic membrane and drug
charges are dislocated. The calculated distances thus give an
estimate of the relative drug positions in the membrane.

Biological membranes bear a net negative surface charge
(3,35) that affects drug partitioning (36,37). For example, the
negative surface charges on intestinal brush border mem-
branes (35,37) reportedly affect partitioning of different
anionic and cationic drugs (37). To deduce biologically
relevant P' values, one can take various approaches. The
first is to use artificial membranes with a surface charge
density similar to the biological membranes of interest. One
can then use the analytical approach proposed in this
publication to correct only for the drug-dependent
electrostatic effects. The second possible approach is to use
neutral membranes and then employ the analytical approach

1.0
s accuracytimit . oo e a
log PO' =1.00
o - - —-— e
QL -°
~ 05} #° - log Pol =1.50,
N8 .’ s —-—
’ / - - 1
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/ 0
l ~
4
00 1 1 1 M 1 . 1 " 1 i
0 150 300 450 600 750 900
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Fig. 5. The effect of the bulk ionic strength on the ionized drug form
apparent partition coefficient, P', modeled for a lipid-drug molar
ratio of 5 at 37°C.
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Fig. 6. The effect of membrane charges on the apparent dissociation
constant, pK3™? , of bupivacaine and ketoprofen at 37°C. The symbols
show results of individual potentiometric titration experiments and
the curve describe the best fitting results (Eqs. 7 and 8).

proposed in this article to correct for drug-dependent
electrostatic effects. As a side benefit one then gets the
correct intrinsic P) value, from which one can finally
calculate the apparent partition coefficient in the biological
membrane of interest (cf. Eq. 6).

Experimental Recommendations

An earlier suggestion (7) is to cover experimentally a
range of lipid-water compartment volumes ratios starting
between the inverse partition coefficients values, i.e. 1/PN <r
<1/ P', and ending at ratios >1/P", for optimum data fitting
and partition coefficients values resolution; this covers the
steep part of the pKi*® —r curve shown in Fig. 2. We advocate
testing the range of 1/PN<r<approx. 1.5/P', and to preselect
the most useful specific r values, such that ultimately should
deliver quasi-equidistant pKi™®  values; the proposed
analytical model, used in predictive fashion, is helpful to
select such r values. We furthermore recommend carrying out
experiments with at least four different lipid-water
compartment volumes ratios, and suggest repeating each
measurement independently at least twice. For drugs with a
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relatively small log PN—log P' difference, more r values may
be needed to resolve P and P values. We counsel against
using the method for drugs with too similar partition
coefficients of the charged and uncharged drug forms (when
log PN-log P'<0.5).

We also remind that experimental range at and nearly
above r=1/PN is practically inaccessible for the lipophilic
drugs. Especially the drugs with a high PN as well as P values
have often the optimum 1/P' and 1/PY values below the
lowest practically achievable r unburdened with membrane
saturation. The Coulombic repulsion may help testing such
drugs, as it reduces the apparent P! value and thus widens the
1/PN-1/P" range. To enhance the effect, one could try to
increase the drug concentration, but this can provoke
membrane saturation with the tested substance and
ultimately fails (increasing the drug concentration raises the
lowest practically achievable r unburdened with membrane
saturation). A better option is to decrease ionic strength of
the suspending electrolyte, which is normally feasible. In the
current study we were, indeed, able to sensitively determine
lipid membrane-water partition coefficients of the highly
lipophilic terbinafine from experimental data with 150 mM
but not with 600 mM electrolyte (cf. Table IV).

The ‘electrostatically enhanced’ potentiometric method,
which we are describing, is really useful—even at intermedi-
ate ionic strengths (~0.1 M)—just for the drugs with log P} <
4 and not higher; for the drugs with log P} >4 the method can
only afford the lower limit for each partition coefficient. We
recommend using the bulk ionic strength of 150 mM, which is
quasi-physiological and resolution enhancing, for the typical
potentiometric partition coefficient measurements.

In general, the tested drug concentration should be high
enough to ensure accurate potentiometric results. One should
in any case adjust ionic strength of the titrant solution to that
of the sample, to avoid ionic strength changes during the
titration experiment, and keep temperature constant. The
same ionic strength and temperature should be used with
the simple aqueous (for aqueous pK, determination) and the
bi-compartment aqueous/lipid mixed systems.

We accept aqueous pK, literature values only if they were
published with sufficient experimental detail and reliable
information on the used ionic strength and temperature. We
prefer doing alkalimetric titrations, which are relatively more
reliable, as they minimize the problem of CO, absorption
(when starting an experiment at high pH); working under an
inert gas atmosphere further reduces the problem.

CONCLUSIONS

We proposed and explained a new analytical approach
suitable for analyzing results of potentiometric measure-
ments. The model delivers accurate and reliable lipid
membrane—water partition coefficients for the ionized and
the neutral drug forms. In contrast to the conventional
analytical approach, the new approach is essentially insensi-
tive to experimental conditions, as it properly considers the
Coulombic electrostatic interactions, which is responsible for
ionic strength and surface charge density effects.

If one corrects experimental results for the drug-depen-
dent electrostatic contributions, one can deal successfully with
both neutral and charged lipid membranes, to which the
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tested drugs are binding. The improved analytical procedure
thus lends itself to applications beyond the potentiometric
determination of partition coefficients, especially in bio-
analytics, and in studies with bio-mimetic systems, having a
composition similar to biologically interesting membranes.

APPENDIX

The intrinsic (lipid-dependent) membrane surface charge
density, Tmem, 18 calculated from membrane composition:

Omem — ZL€Q * e ~ “Leotc (9)
(1—xc)~AN—|—xC-AC AL ’

where zp is the charged lipid valence, e, the elementary electric
charge, xc the molar fraction of the charged lipids with
molecular area Ac, and Ay the average surface area of the
neutral lipid molecules. In the current study, we used AN Ac=
0.65 nm?, which is a good approximation for typical fluid-phase
phospholipids. During potentiometric titration, the relative
proportion of the charged lipids may vary, if the employed pH
range overlaps with the lipid titration range. If so, the resulting
surface charge density variation must be considered.

The average drug-dependent membrane surface charge
density, op, is calculated analogously:

C:nem C:nem
CLAL + (C 1

op = ZDp€o (10)

~ Zpe .
mem + Cgem)AD e CLAL
zp is the bound drug valence, C; the membrane—forming
lipid concentration, CL. ~and CY.. the concentrations of
the membrane associated ionized and neutral drug forms,
respectively. The contribution of the membrane associated
drug molecules to the lipid bilayer surface area, Ap, is
normally relatively small. It can thus be neglected. We can
now calculate op once CL_ is known.

To calculate C!.. , we will start with the total drug
concentration Cioi=Cpmem+ Caq. Substitution of C,q from Eq. 2
and rearrangement allow calculation of the total membrane

bound drug concentration:
Pr

Cmem = Ctot 1+ Pr . (11)
The ionized drug fraction, o, is:
H—pK PP
10° papap for an acid
10PH-PK™ 11
= (12)

app
10PKa —PH

——mpp——— for a base
10PKa™ —PH 1
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Combining Egs. 6, 11, and 12 yields:
PNy
N 0
Chem = Crot - (1 — ) Tpgjr (13)
Plr exp[—®(omem + 0
Crlnem _ Cm‘Oé 0 p[ ( mem D)] 7 (14)

1+ Plr exp[—®(0mem + 0D)]

which takes into account the Coulombic electrostatic contri-
butions from both op and g yem. The superscript I denotes the
deprotonated form, X, for an acidic drug and the protonated
form, XH, for a basic drug (cf. Egs. 7 and 8). All concen-
trations are defined relative to the total suspension volume.
Combining Egs. 10 and 14 finally yields the drug-dependent
surface charge density:

Plr exp[— @ (0mem + D)
1+ Plr exp[— @ (0mem + oD)]

o A 20 Crot¥
D~ :
CLAL

(15)

The procedure is applicable at any pH value and ideally
should involve the entire titration curve. op is a function of @
(or y) and vice versa, i.e. they are interdependent. The
equation must thus be solved in a self-consistent fashion, and
typically numerically. (We used Mathcad employing Secant
and Mueller method for numerical solving.)

The Debye ion screening length, Ap, is a property of the
electrolyte solution and is given for 1:1 electrolytes by:

coerkg T
M =1\ 300060 2N Cor
20006() N, A Cel

€ is the permittivity of free space (8.8542x10 "% As/Vm), &,
the dielectric constant at the drug binding site (an average
value of 40 for the lipid head group was used), kg the
Boltzmann constant (1.38x102* JK '), T the absolute
temperature, e, the elementary electric charge (1.602x
107" C), N5o Avogadro’s number (6.02205x10% mol™), C,
the bulk molar electrolyte concentration.

The electrostatic potential, y, of a uniformly charged
surface in contact with a 1:1 electrolyte is given within the
framework of Gouy-Chapman approximation (38), as a
function of the total surface charge density, 6 =0p+0mem, DY:

( ) o 2kBTaSinh }\,DEOU
i) = e 2e0e,kpg T

(16)

(17)

Table V. Numeric Approximations to Egs. 16 and 18 used for Calculating of the Debye-Hiickel Screening Length, Ap, and the Normalized
Electrostatic Potential, @, in a 1:1 Electrolyte

For water (¢,=78) For ¢,=40
25°C 37°C 25°C 37°C
Ap (nm) =0.303C;*° =0.309C;*° =0.217C;" =0.221C;"
@ (o) =2z asinh(8.5470C,%%)  =2zasinh(83800C;%°)  =2zasinh(11.9350 C;%°) =2z asinh(11.7020 C;*9)
? (o), for <1”  =17.094 zoC,*3 =16.760 zoC,** =23.870 zoC" =23.404 z0C;"?

(., is the electrolyte molar concentration, ¢ the total surface charge density in Cm 2, z the charged component valence
b Calculated from the simplified asymptotic equation, w=Apa/ege,, valid for y <25 mV
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o is the surface charge density in Cm 2 and asinh the inverse
hyperbolic sine (areasinushyperbolicus). The normalized
dimensionless electrostatic potential, @, is defined as the
ratio of electrostatic potential energy, zepy, and thermal
energy, kgT:

_ zey (o)

D (o) kel

(18)

Numeric approximations to Egs. 16 and 18 are given in Table V.

According to the Gouy—Chapman model, the relation-
ship between the electrostatic potential y(x) at distance x
from a uniformly charged surface and the electrostatic surface
potential y(x=0), is:

. [tanh[egy(x = 0,0)/4kpT]
= 1“{ tanh[eo v (x, a)/4k371?] } Ao

(19)

This provides means for estimating the effective distance
between the lipid and the drug charges in a membrane.

The electrostatic correction described in this article
allows only for the Coulombic, i.e. charge—charge interac-
tions. Other contributions, such as hydration (polarity)
effects, can be influential as well. If they are not small, such
interactions should be considered, following the basic, self-
consistent approach described in this work.
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