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Abstract

Liposome electrokinetic chromatography (LEKC) provides convenient and rapid methods for studying drug interactions with lipid bilayers
using liposomes as a pseudostationary phase. LEKC was used to determine the effects of pH on the partitioning of basic drugs into liposomes
composed of zwitterionic phosphatidylcholine (PC), anionic phosphatidylglycerol (PG), and cholesterol, which mimic the composition of
natural cell membranes. Anincrease in pH results in a smaller degree of ionization of the basic drugs and consequently leads to a lower degree
of interaction with the negatively charged membranes. From the LEKC retention data, the fractions of drugs distributed in the bulk agueous and
the liposome phase were determined at various pH values. Finally, lipid mediated shifts in the ionization constants of drugs were examined.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction Partitioning into a cell membrane is generally considered
the first step in the passage of drugs across biological
The interaction of drugs with membranes is an important membraneg$11,12] Transport of drugs through biological
field of study due to the significant and useful applications membranes (membrane permeability) is primarily by pas-
in quantitative structure—activity relationship (QSAR) stud- sijve diffusion for large numbers of drugs. Passive transport
ies[1-7]. Liposomes are suitable models for biomembranes. through a cell membrane involves an initial partitioning into
Partition coefficients of drugs between a bulk agueous andthe lipid bilayer of the membrane, followed by diffusion
liposome phaseqw) can be used as a measure of the extent through the bilayer, and finally a partitioning out of the
of drugs affinities toward lipid bilayers of cell membranes, membrane. This initial partitioning into liposomes is
or drugslipophilicity [8]. Partitioning of uncharged solutes  measured by, or Dyw.
into vesicles and liposomes is controlled by a combinationof  The liposome—water distribution coefficient depends on a
hydrophobic, dipolarity/polarizability, and hydrogen bond- number of variables, such as solute lipophilicity, composition
ing interactiong9,10]. A great majority of drug molecules  of the membrane, temperature, and among others, pH. At a
have ionizable functional groups, thus electrostatic interac- physiological pH (5.5-7.5), many drugs are partially or fully
tions also play a major role in their partitioning behavior, charged and are electrostatically attracted or repelled by many
as measured by the liposome—water distribution coefficient pjological membranes that are composed of acidic lipids, and
(Duw), which is dependent on the extent of solute ionization carry a net negative charge. Basic functional groups are ubig-

as determined by the pH. uitous among drugs that impart a net positive charge on the
—_— molecule and interact favorably with the charged membrane.
* Corresponding author. Tel.: +1 919 515 2943; fax: +1 919 515 2545. For ionizable compounds, partitioning into Iiposomes is
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Lipid Bilayer exception is that liposomes constitute the pseudostationary

Ka.app phase in;teaq of micelles. LEK(_Z_is a sim.pI.e approach to

BHW =—— g + H determining liposome—water partition coefficients for small

> organic moleculefd] and drugs compound28].

K BH' <T KB In this work the pH-dependent affinity for net negatively
"""""""""""""""" charged liposomes was determined for a series of basic drugs

using LEKC methods. Quantitative models were applied to

BH' =, B+ H' examine the mobility and retention as a function of drug ion-

Ka,aq ization.
Aqueous

Fig. 1. lonization equilibrium and partitioning of a basic drug into a lipid bi- 2. Materials and methods
layer.Kg andKgy+ are the partition coefficients for the neutral and charged

forms, respectively<a aqandKa appare the ionization constants in the aque- 2 1. Reagents

ous and lipid bilayer phases, respectively.

2-(N-Morpholino)ethanesulfonic acid (MES), 3-(cyclo-

ability to interact with (or partition into) cellmembranes, and hexylamino)-1-propanesulfonic acid (CAPS), and tris(hyd-
is of great importance to the behavior, activity, and useful- roxymethyl)aminopropane (Tris) were purchased from
ness of the drug. The observed distribution coefficient of a Sigma (St. Louis, MO, USA). Tetracaine, nefopam, and
charged drug takes into account the partitioning of both the lidocaine were purchased from Aldrich. 1,2-Dihexanoyl-
charged and neutral forms of the drug. Each of these formssn-glycero-3-phosphocholine (DHPC), 1,2-dipalmiteyl-
will partition into the liposomes as illustratedkig. 1; Kg is glycero-3-phosphocholine (DPPC), and 1,2-dipalmitsyl-
the partition coefficient of the neutral form akgy+ is the glycero-3-[phospho-rac-(1-glycerol)] (sodium salt) (DPPG),
distribution coefficient of the charged form of a basic drug. were obtained from Avanti Polar Lipids (Alabastar, AL).

Much work has been done studying the pH-dependent
drug—membrane binding and lipid-mediateld pshifts of 2.2. Liposome preparation
drugs, especially anesthetics, including tetracdirie-15]
which is used in this work. pH-dependent partitioning of A mixed buffer was used for the CE studies in order to
charged solutes into liposomes has been determined usingnaintain a high buffer capacity and constant ionic strength
pH-metric, ultrafiltration, and equilibrium dialysis methods across the pH range 6-11.5. The importance of using a con-
[16-19] Additionally, authors have examined the differences stantionic strength bufferin LEKC studies involving charged
between liposome—water and octanol-water partitioning as adrugs is discussed in refere@®]. Buffers containing mul-
function of pH, where the octanol-water partition coefficient tiple components and constant ionic strengths were prepared
is the standard model for drug lipophilicif§7]. The use of according to the software program developed by Okamoto,
LEKC to study electrostatic interactions influencing charged which is used to determine the quantity of various buffer
drug partitioning into liposomes has been discussed in a pre-components required to achieve a certain pH at given ionic
vious papef20]. This work included studies on the effect of strength and temperature conditid@8]. A description and
membrane and buffer compositions on the retention of ba- application of the buffer program is found in referefi2€] by
sic drugs. Recently, LEKC has been used in QSAR correla- Okamoto who has graciously donated a copy of the software.
tions with membrane permeability (Caco-2, MDCK, human The desired buffer conditions (buffer type, concentration, to-
jejunal) and intestinal absorption of a series of charged andtal solution ionic strength, pH, and temperature) were entered
neutral drugs including the influence of pH on these QSARSs into the program, and the software program determined the
[21]. quantities of buffer components (buffer amounts and NacCl)

LEKC is a capillary electrophoresis (CE) technique that as well as acid—base (HCI or NaOH) required to prepare the
uses phospholipid vesicles as a pseudostationary phase in CEhuffer at the specified conditions. All buffers consisted of
In LEKC, solutes interact with certain sites on the pseudo- 10 mM MES, 10 mM Tris, and 10 mM CAPS. The total ionic
stationary phase by hydrophobic and/or electrostatic interac-strength of all buffers was held constant at 29 mM by the addi-
tions and are separated based on their differential partitioningtion of NaCl; the quantity of NaCl added was determined by
into the liposome phag®,10,22—-25] The retention factor,  the buffer program. All buffers were prepared and the pH was
k, represents the fraction of the solute in the liposome versusmeasured at 38C, the temperature for CE studies. Buffers
the aqueous phase, which is used to describe the degree ofvere prepared to cover the pH range of 6-11.5.
interaction with the liposome. Liposomes for use in CE experiments were prepared using

Determining distribution coefficients for the binding of a mixture of the short and long chain phosphatidylcholines,
charged solutes to liposomes can be accomplished via LEKCDHPC and DPPC, respectively, (both zwitterionic lipids)
much in the same manner as it is done for micelles via mi- and the long chain anionic phospholipid, DPPG. DPPG was
cellar electrokinetic chromatography (MEK({26,27] The added to provide a net negative charge to the liposomes.
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1,2-Dipalmitoyl-sn-glycero-3-[phospho-rac-(1-glycerol)] (sodium salt) (DPPG)
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Fig. 2. Phospholipid structures.

Phospholipid structures are showrHig. 2. The composition
consisted of DPP&DPPGoDHPGso, where the subscripts
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50pm and an outer diameter of 3@#n. The temperature
of the system was maintained at3B using a circulating oil
bath. The absorbance was measured at 214 nm using a SSI
500 variable-wavelength UV detector.

The retention factork, for a neutral drug was calculated
from the LEKC data using Eq1), wheretg is the retention
time of the drug of interestgo is the retention time of the
electroosmotic flow marker, methanol, arylis the retention
time of decanophenone, the marker of the liposomes.

_ (1R — teq)
teo(1 — (1R/tiip))

Charged solutes will possess their own electrophoretic mo-
bility in the agueous phase in addition to partitioning into
the liposomes and migrating at the liposome mobility. As a
result, the migration of the solutes in the bulk aquedys (
measured in CZE), needs to be included in the calculation
of retention factor. Eq(2) is used to calculate the retention
factors of charged solutes using CZE and LEKC measured
retention times.

_ (r—1)
to(1 — (r/1iip))
The capillary was conditioned in the following manner:
10 min with Milli-Q water; 20 min with 1.0 M NaOH; 10 min
with Milli-Q water; 10 min with methanol; 10 min with Milli-

Q water. For LEKC experiments, the capillary was rinsed for
30 min with the liposome solution following the capillary

1)

)

represent molar percentages. The total lipid concentrationconditioning. Following this rinse procedure, a voltage was

was 10 mM. Similarly, mixtures of the short chain DHPC and
long chain dimyristoylphosphatidylcholine (DMPC) have

applied for approximately 30 min to further equilibrate the
column with the liposomes before sample injections were

been used as a pseudostationary phase in electrokinetic chroperformed. At the end of the day, the capillary was rinsed for

matography30]. Mixtures of short and long chain lipids are
known to form bicelles, or biomimetric vesiclgl,32] The
lipid solution consisting of DPPG, DPPC, and DHPC in this
work is referred to as “liposomes” even though it has not
been verified whether it is actually mixed micelles, bicelles,
or liposomes in solution. Bicelles form under very specific
of conditions including concentration, molar ratio of lipids,
buffer, temperature, etf33].

10 min with Milli-Q water.

Since the rinse procedure has not yet been optimized, the
conditions used in these experiments were longer than nec-
essary to insure complete equilibration. The rinse procedure
as described above could be shortened upon optimization.
Additionally, liposomes do not need to be prepared immedi-
ately prior to use. In order to avoid the daily preparation time
before running experiments, the liposomes can be prepared

The appropriate amounts of phospholipids were dissolved ahead of time and stored in the refrigerator for later use. Op-

in a 9:1 (v/v) mixture of chloroform and methanol (respec-

timizing the rinse procedure and preparing liposomes ahead

tively). The organic solvent was removed under reduced pres-of time will significantly reduce the time required to prepare
sure using a rotary evaporator in a water bath maintained atfor data analysis.

70°C. The thin lipid film was hydrated with the buffer solu-

As mentioned above and described by &), in order to

tion. The solution was then vortex mixed for one minute and determine retention factok, for charged solutes in LEKC,
sonicated in a bath sonicator for approximately 5 min before the migration timestg, in the presence of liposome (LEKC

use.
2.3. CE methods

CZE and LEKC experiments were carried out on a
laboratory-built CE instrument. A Spellman SL30 high-

condition) and in the absence of liposomdCZE condition)
have to be determined. All CZE and LEKC solute mobility
and retention factor values are the average of four measure-
ments. The CZE data for each sample was collected imme-
diately following the LEKC data after rinsing the capillary
for 2 min with the buffer solution (i.e. in the absence of lipo-

voltage power supply was used to apply a positive voltage somes).

over the length of the fused silica capillary (Polymicro Tech-
nologies, Phoenix, AZ, USA), with an inner diameter of

All buffers, liposomes, and solutions used for rinsing were
filtered through a 0.4pm filter disk (Scientific Resources)
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prior to use. The capillary was rinsed with the liposome solu-
tion for 1-2 min between LEKC injections. Approximately
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The retention factork) of a basic drug is the weighted
average of the retention factors of the charged and neutral

0.02-0.06 g of each solute was dissolved in 3 mL of methanol forms, described by Eq5). o}, andag’ are the fractions
to prepare stock solutions. Drugs for LEKC experiments are of the charged and neutral drug forms in the aqueous phase,
tetracaine, nefopam, and lidocaine. Drug structures can berespectivelykg,+ andkg are the limiting retention factors of

foundinFigs. 7-9To prepare a sample for injection, approxi-
mately 50-20@L of the stock sample was used, decanophe-

; . . _ 2 aq
none dissolved in methanol was added where approprlate,k = kgt + o ke
and enough methanol to make 1-1.5mL total sample vol-
ume. Generally mixtures of samples were injected for 1-2 s

by hydrodynamic injection.

Retention factor in LEKC is directly related to the
liposome—water partition coefficier€;y as in Eq(3). Sim-
ilarly, the liposome—water distribution coefficieffy) can
be substituted foKw in Eq. (3).

Kuw = (ﬁL]l;W 3)
The LEKC phase ratiop-EXC, is defined as the ratio of the
volume of the liposome pseudo-pha¥y() over that of the
aqueous phas¥{g) and can be determined from the intrinsic
properties of the phospholipids such as molar volume¢it-

ical aggregation concentration (CAC), and phospholipid con-
centration Cpi ) using the following relationship (Eg4)):

Vaq 1—v(CpL— CAC)

(4)

0.554 L mol! was used as an estimate of the partial specific
molar volume of the lipid solutionyj, which was obtained as
the weighted sum of the partial specific volumes of the indi-
vidual lipids. This is similar to the estimation of partial spe-
cific molar volume in reference 25. Values@ppg vprpPG
andvpnpc Were taken as 1.01, 0.954, and 0.851 mi gor
DPPG, DPPC, and DHPC, respectividy]. A value of zero
was used for the CAC.

3. Results and discussion

3.1. LEKC experiments

LEKC is a method that allows the rapid determination
of liposome—water partition and distribution coefficients of

neutral or charged drugs. This approach can be applied to

determine the pH-dependent partitioning behavior of ioniz-

able drugs where the migration parameters (retention factor
or mobility) are measured as a function of varying aqueous

buffer pH values. Applying quantitative models to the LEKC

data allows very specific assessment of drug—membrane in-

teractions as a function of drug ionization and pH. Models

have previously been developed in this laboratory to quantita-

tively describe the migration (retention factor and mobility)
of ionizable compounds in MEK(26,27] These univer-

the fully charged and neutral forms, respectively.

(%)

Using Eq.(5), one can derive the following equation (Eq.
(6)), which is used to model the retention factor of a basic
drug as a function of pH.

_ kgp+ + ka(Kaaq/[H1])
1+ (Kaag/[HT])

Ka,aqis the agqueous ionization constant of the drug in the
absence of the liposomes, as notedrig. 1 The sigmoidal
retention profile (versus pH) reaches a plateau at low pH
where the limiting retention factor is determined (i.e. this
value ofkgy+ is the retention factor of the fully ionized drug).
Likewise, there is a plateau region at high pH whieyés the
limiting retention factor for the fully ionized form of the drug.
Similar to Eq.(6), the sigmoidal relationship between dis-
tribution coefficient and pH is given by EY.), whereDyyy is
the observed liposome—water distribution coefficigtyj+
andKg are the limiting distribution coefficients of the fully
protonated and neutral drug forms, respectively.

(6)

Divy — Kgy+ + Ka(Kaag/[H'])
N T I (Kaag/HT))

Fig. 3illustrates the effect of the buffer pH on the distribution
coefficients of the three basic drugs tetracaiag cefopam

(@), and lidocaine ¢). The symbols are the measurggy
values and the lines are the calculated values according to
Eq. (7). The regression results for the fit of the datéig. 3
(using Eq.(7)) are given inTable 1

(7)

1600 7

1400 1

1200

1000 1
DLW

800 1

600 -

400

200 1

0T

i T T T T T T 1

10 105 11 1L5

5 55 6 65 7 75 8 85 9
pH

Fig. 3. Distribution coefficient of tetracaina), nefopam@®), and lidocaine
(#) as a function of pH. Symbols represent measitggl values and lines
are the fit of the data using E(Y.). Distribution coefficients were measured

sal methods can be applied to the description of retention in ysing 10 mM DPPGDPPGoDHPGCso at 36°C in a buffer consisting of

LEKC.

10 mM each of MES, Tris, and CAPS with a total ionic strength of 29 mM.
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Table 1 the same substitutions, E(L.0) is derived which is used to
Estimates of partition coefficientg+, Kg) and [Kq aq (£standard de- . . . lip
viation) for tetracaine, nefopam, and lidocaine and RRevalue from the calculate the fraction of BHin the lipid phasefBHJr) asa

nonlinear regression determined using &4. function of pH.

Drugname Ky Ka PKaaq R (Kpgn+ CrL)(HT]/Kaag)

lip

Tetracaine 1406447) 360 (29) 79 (+£0.1) 0990 Jen+ = (1+ KpsCrL) + (H71/Kaag(1 + Kp gr+ CrL)
Nefopam 549416) 129 (-13) 80 (+0.1) 0986 ' ' 10
Lidocaine 46 42) 20 (+1) 7.2 (+0.2) 0982 (10)
Partition_coefficients we.re.measured using 10 mM DR{HPPQODHPC&) . Similarly, the fraction of charged drug (B1)1in the aqueous
:ttgfalcic:'r:ii Eggﬁgfﬁgf’zsgﬁﬁf 10mMeach of MES, Tris, and CAPS with 1, 256 s given by the concentration of the charged drug in the

' agueous phase over the total drug concentration. Using Eq.
(11), the fraction of the charged drug, BHin the aqueous
hase ¢5+) as a function of pH can be determined.

The differences in partitioning of the three drugs can be
explained by examining a combination of drug mobility in P
the presence and absence of the liposomes, along with the (H*1/K
fractions of B and BH associated with the lipid and aqueous f;}ﬂ|+ = ArKeoC " Ka‘a(’) 10K C
phases. These fractions of associatibnvere calculated (1+ KbsCpu) + ([H7]/Kaag(1 + Ko g+ CpL)

using Eqgs(8)—(12) derived much like those in refi26] for (11)
acidic solutes in MEKC. The derivation is described briefly e fraction of the neutral drug, Bin the aqueous ph§f§8)(
below. _ _ . . isgiven by Eq(12).

The fraction of the neutral drug (B) in the lipid phase is _ _
given by the concentration of the neutral drug in the lipid £29=1— fiF — gﬁﬁ — fans (12)

phase ([B]p) over the total concentration of drug. The to- ) o ]
tal concentration of the drug includes the concentration of According toref{35], the binding constant of a solute to lipo-

the charged and neutral drug in the lipid phase ({Biand somgs_Kb) is directly related to the Iipqsome—water partition
[Bliip. respectively), and the concentration of the charged and €o€fficient Kuw) as in Eq,(13) [35] v is the molar volume
neutral drug in the aqueous phase ([Bkdand [Blg, respec- of the lipids. Convertingk,y g+ andKiwg (Table 3, to

tively). This relationship is given in Eg8). their respective binding constants (according to(#8)) re-
sultsinthe values ok}, g+ (binding constant of the charged
flip _ [Bliip 8) form) andKp, g (binding constant of the neutral form) listed
B 7 [Bliip + [Blag+ [BH 1iip + [BH*1q in Table 2 Values ofK, g+ andKp, g were used in the above

o i N equations (Eq99)—(12) to calculate the fraction of associ-
SubstitutingKp,g" [B] aqCpL for [Blip, Kp g+[BH*TadCrL ation.
for [BH*]iip, and [Bho[H*]/Ka,aqfor [BH*]ag, results in Eq.
(9), which is used to calculated the fraction of B in the lipid Kp = Kiwv (13)
li .
phasefép)asafunctlon of aqueous pH, where valuekioi Figs. 4-6show the various fractions of the neutral and

"jl'ﬁ'de?»BH+ arethe I|m|_t|ng binding cgnstantvaluél’sa@le 2, charged form of tetracaine, nefopam, and lidocaine, respec-
described belowKa agis from Table 1 Cpis 10 mM. tively, in the lipid and aqueous phases. Solid lines represent
f”p Kb sCpL the fraction of the drug in the lipid phase, and dashed lines
B — + represent the fraction in the aqueous phase. The neutral form
(1+ KopCru) + ([(H7]/Kaag(1 + Ko n+ Ceu) ©) (B) is represented by circle®{, and the ionized form (BH)
is represented by trianglea).
Likewise, the fraction of the charged drug (BHnN the lipid Equations can also be used to describe the mobility be-
phase is given by the concentration of the charged drug in havior of charged drugs in the presence and absence of the
the lipid phase over the total concentration of drug. After lipids[26,27] In a CZE system (in the absence of the lipo-
somes), the mobility of a charged solute in the agueous phase
Table 2 is given by Eq(14), whereu is the observed mobility of the
Values of binding constantsy, g+ andK,g) for tetracaine, nefopam, and  golute, ugyy+ is the mobility of the fully protonated cation,
g?eonctasgﬁjggtii;;nk;?eei using E(L3), using the limiting distribution coeffi- while [H+] is from the aqueous buffer pH, anﬁa,aq is the
dissociation constant of the solute in the aqueous phase. All
mobilities are calculated from the measured retention times,
Tetracaine 778%26) 199 ¢£16) 0.47 capillary length and voltage used in the CE experiments. Re-

Drug name Kp gH+ Kp,B ApKa

Nefopam 30449) 7LE) 0.37 gression results of the CZE mobility data using Eigt) are
Lidocaine 26 1) 11 &1) 0.05 iven inTable 3

ApK, values are calculated according to Eq. (17). Distribution coefficients 9

were measured using 10 mM DPRBPPGoDHPGsg at 36°C in a buffer  Upnt (H +]/Ka,aq)

consisting of 10 mM each of MES, Tris, and CAPS with a total ionic strength (40 (24)

of 29mM. 1+ (H"1/Kaag
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Fig. 4. Fractions of the ionized{ and neutral@) forms of tetracaine in the
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Fig. 6. Fractions of the ionized{ and neutral@) forms of lidocaine in the

liposome and aqueous phases. Solid lines represent the fraction of the drugiposome and aqueous phases. Solid lines represent the fraction of the drug

in the liposome phase (Eg) and(10)), and dashed lines represent the
fraction in the aqueous phase (E¢fl) and(12)). Distribution coefficients
were measured with 10 mM DPBEDPPGoDHPGsg at 36°C in a buffer
consisting of 10 mM each of MES, Tris and CAPS with a total ionic strength
of 29 mM. Values oKy g andK}, g+ Used to calculate the curves are from
Table 2 Ka agis fromTable 1 Cpr is 10 mM.
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Fig. 5. Fractions of the ionized{ and neutral @) forms of nefopam in the
liposome and aqueous phases. Solid lines represent the fraction of the dru
in the liposome phase (EgE) and (10)), and dashed lines represent the
fraction in the aqueous phase (E¢fl) and(12)). Distribution coefficients
were measured with 10 mM DPBEDPPGoDHPGsg at 36°C in a buffer
consisting of 10 mM each of MES, Tris, and CAPS with a total ionic strength
of 29 mM. Values oKp g andK}, g+ used to calculate the curves are from
Table 2 Ky agis fromTable I Cpi is 10 mM.

Table 3

Estimates ofig+ (Estandard deviation) andkg a4for tetracaine, nefopam,
and lidocaine, and thB? value from the nonlinear regression of the CZE
mobility data using Eq(15)

Drugname  pgy+ (cn?kV—tmin~?) PKaaq R2

Tetracaine 17 (+0.2) 848 (£0.04) 0995
Nefopam 142 (+£0.3) 817 0.05) 0993
Lidocaine 133 (+0.3) 7.80 (+£0.05) Q994

Drug mobility values were measured at°&Bin a buffer consisting of 10 mM
each of MES, Tris, and CAPS with a total ionic strength of 29 mM.

in the liposome phase (Eg&) and (10)), and dashed lines represent the
fraction in the aqueous phase (E¢fl) and(12)). Distribution coefficients
were measured with 10 mM DPBEDPPPGoDHPGs at 36°C in a buffer
consisting of 10 mM each of MES, Tris, and CAPS with a total ionic strength
of 29 mM. Values oKy g andKy, g+ used to calculate the curves are from
Table 2 Ka agis fromTable 1 Cpi is 10 mM.

The net mobility of the drug in LEKC is a weighted average
of the mobility of the charged (BH and neutral (B) drug in

the aqueous (aq) and the lipid (lip) phase and is described by
Eqg.(15).

= foni g + f,lg'ﬂmnp + fgpunp (15)

i is the observed mobilityf5 ", and fgﬁ'+ are the fractions

of the charged drug (BH associated with the aqueous (aq)
and lipid (lip) phases, respectivel)ﬁ%p is the fraction of the
neutral drug formin the lipid phas;aB?_|+ is the agueous mo-
bility of the drug andujip is the mobility of the liposomes.

In the neutral form, the drug mobility is a result of its in-
teraction with the lipids. The neutral form has zero mobil-
ity in the aqueous phase. The liposomes used in this work
(DPPGoDPPGoDHPG;0) have a net negative charge, re-
sulting in a negative mobility in LEKC. In the charged form,

%he drug mobility is a function of its interaction with the li-

posomes as well as its own aqueous mobility.

Using Eq.(15), one could derive the following equation
(Eg. (16)) to model the LEKC mobility of a basic drug as a
function of pH.

_ us + MBH+([H+]/Ka,app)
1+ ([H*]/Kaapp

In this equationp. is the observed LEKC mobility of a basic
drug at a given [H]. ug andugy+ are the limiting mobilities
of the neutral and protonated forms of the drug, respectively.
Ka,appis the apparent ionization constant of the drug in the
presence of the lipids. Regression results for the LEKC mo-
bility as a function of pH (using E¢16)) are given inTable 4

The mobility of tetracaine as a function of pH in the pres-
ence @) and absence() of DPPGoDPPGoDHP G5 (sub-
scripts represent molar percentage) is showRigq 7. The

(16)
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Table 4

Estimates ofugy+, up, (Standard deviation) and<@ appof tetracaine, nefopam, and lidocaine and fRevalue from the nonlinear regression of the LEKC
mobility data using Eq(17)

Drug name tgn+ (cmPkV—Imin=t) up (cm? kv~ min—1) PKa,app R?

Tetracaine —15.8 (£0.3) —122(£0.2) 86 (+0.2) 0.961
Nefopam ~123 (£0.2) ~7.9(£0.2) 85 (+0.2) 0.978
Lidocaine 61 (+0.1) —22(+£0.1) 802 (+0.03) 0.999

LEKC drug mobility values were measured using 10 mM DRBFPGoDHPG5p at 36°C in a buffer consisting of 10 mM each of MES, Tris, and CAPS
with a total ionic strength of 29 mM.

structure of tetracaine is included in the figure as well. The  Simultaneously examining the three types of plots dis-
corresponding plots for nefopam and lidocaine are given in cussed above (retention versus pH, fraction of association
Figs. 8 and 9respectively. The symbols are the measured versus pH, mobility versus pH) provides a better understand-
data points and the lines are the calculated mobility values in ing of the partitioning behavior of the three drugs. For the lipid
the presence and absence of DBFEFPPGoDHP G lipids, composition used in these studies, DBFPPGoDPHGso
according to Eq(16) and(14), respectively. Error bars are  (i.e. possessing a net negative charge), the basic drugs ex-
included for all data points, however, due to the scaling, the hibit a sigmoidal relationship betweéhy and pH Fig. 3),

bars are generally not seen since they are smaller than size ofuch that they have a larger distribution coefficient at low pH,
the symbols. which decreases as the pH is increased g+ >Kg). At

low pH when the drugs are protonated, they have a greater
interaction with the lipids compared to the interaction of the
drug in the neutral form. The enhanced retention at low pH
values is due to the electrostatic attraction of the positively
charged drug to the net negatively charged lipid bilayer mem-

T 51 . S . X )
g brane. Electrostatics plays a significantrole inthe interactions
z 0 of charged drugs with membranes which is discussed further
% 51 6 7 8 9 10 11 12 in ref. [20].
> Out of the three drugs illustrated frig. 3, the distribution
= 107 coefficients (at all pH values) decrease in the order tetra-
S s w caine > nefopam > lidocaine. The largest difference in distri-
20 bution coefficient between the three drugs is at the low pH
oH values, when the drugs are in the completely protonated form.
According to Eq(7), the values for the limiting distribution
Fig. 7. Mobility of tetracaine as a function of pH in the preser® 4nd coefficients (listed infable J) of the charged formKgy+).
absence4) of DPPGoDPPGDHPCso. Symboals are the measured mobil- — are 1406 £47), 549 (16), and 46 42) for tetracaine, ne-
ities and solid lines are the fit of the data according to Et4) and(16). fopam, and lidocaine, respectively. As seen in the fraction

Drug mobility values were measured in the presence and absence of 10 mM
DPPGoDPPGyDHPG;) at 36°C in a buffer consisting of 10 mM each of
MES, Tris, and CAPS with a total ionic strength of 29 mM.

plots for tetracaine and nefopalifigs. 4 and } at the lower

16 | {IELZ
20 7 H,C~N o 147 * NH CH,
12 4 )
15 ‘ el 0 —
= Q = E 10 A HC—\
g 10 T Z s *
> ¢ NE
£ 5 S 6
= 0 T T T T A g * * 1 -'—‘E R *
= =} -
E 5 - 6 7 8 9 10 11 12 b=
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Fig. 8. Mobility of nefopam as a function of pH in the presen® éand Fig. 9. Mobility of lidocaine as a function of pH in the presen@) @nd
absenceg) of DPPGoDPPGoDHPGsp. Symbols are the measured mobil-  absence) of DPPGoDPPGoDHPGso. Symbols are the measured mobil-
ities and solid lines are the fit of the data according to Et4) and(16). ities and solid lines are the fit of the data according to Et4) and(16).

Drug mobility values were measured in the presence and absence of 10 mMDrug mobility values were measured in the presence and absence of 10 mM
DPPGoDPPGoDHPG;q at 36°C in a buffer consisting of 10 mM each of DPPGoDPPGoDHPG;q at 36°C in a buffer consisting of 10 mM each of
MES, Tris, and CAPS with a total ionic strength of 29 mM. MES, Tris, and CAPS with a total ionic strength of 29 mM.
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pH values there is a significant fraction of the charged drug cn? kv—1min—1, respectively (Eq(16), Table 4. Again,

associated with the lipids. There is only a very small fraction flip . is very important at low pH
H .

. . B
of the drug associated with the aqueous phase at low pH (PH" “'The mopility profile of lidocaine as a function of pH in the

6). Lidocaine is quite different due to its very small inter- presence®) and absencel) of liposomes is different than
action with the liposomes. The lower retention of lidocaine tatracaine and nefopam and is displaye&im 9. Lidocaine
(seen inFig. 3) can be explained by the larger fraction of pa5 4 very small interaction with the lipids (Séig. 3. The
charged lidocaine residing in the aqueous as opposed 10 theyerall mobility observed iffig. 9is mostly due to the drug
lipid phase Eig. 6). There is only a small fraction of BHor mobility in the agueous phase (as seeRim 6). In this case
lidocaine associated with the lipids at pH 6. (contrary to tetracaine and nefopanffy., is the dominant
The difference in distribution coefficients (among the three (arm in Eq.(15)at low pH. The limiting mobility of lidocaine
drugs) is much smaller at high pH values (pH 11) when the ;, | EkC is —2.2 0.1) and 6.140.1) cn?kV-Lmin—1
drug is completely in the non-protonated (neutral) form. Val- ¢4, (g and g+, respectively (Eq(16)). The difference in
ues ofKg are 360 £29), 129 (£13), and 2041) for tetra-  iygpility (between CZE and LEKC) is greater at the lower pH
caine, nefopam, qnd lidocaine, respectivelake 1. FQV values when the drug is in the protonated form. At high pH,
nefopam, the fractions of the neutral form of the drug in the here js only a small fraction of B associated with the lipids
aqueous and lipid phase are fairly close at high pH. For tetra- (fgp is small), therefore, the time the drug is traveling at the

caine, there is a significant difference, with a much greater mobility of the liposome fip) is very small (see Eq15)).

fltaftlon.Of thle nre]utral ldrug (5’.) tazsc;qated fof’.'th tfle:[r:lplds. Thus the mobility of lidocaine in LEKC at high pH is close
ctracaine aiso has a ‘arger distrioution coetticient than ne-, zero, because the neutral form has zero mobility in CE.

fopam at high pHRig. 3). For the high pH values, the neutral Austin et al. studied the distribution coefficients of charged

lidocaine is almost exclusively i_n the _aqueous._There i.S only drugs into the zwitterionic DMPC as a function of pH using
avery small fraction of ne_utral lidocaine associated with the ultrafiltration method§l7]. They found a sigmoidal relation-
I|po§omes. As_a result, this drug has the least amount of re'ship between distribution coefficient and pH, however, they
ten_pﬁg gggieiitllpgfic;?aecséine in the absence of the linosomes found larger partitioning of the neutral form of the drug into
(CZE)is positiil/e at low pH values and sigmoidally dgcreases the net negtral phospholipid Iiposorneg. S'imilarly, Aydeef et
to zero as the pH increases and the equilibrium shifts to the & determined membrane-water distribution coefficients for
: LN . basic drugs (including lidocaine and tetracaine) into zwitteri-
neutral drug form, which has zero mobility in CZEig. 7). onic liposomes of dioleyphosphatidylcholine (DOPC) using

PA'S IS ttr:_(ittyp:(ctalltm@rgtlo.n pt)rr]oﬁle fora basf'(ihd“f.g in CE. the pH-metric techniqugl8]. A sigmoidal partitioning-pH
€ MoDility of tetracaine In the presence of e iposomes profile is observed, with the charged drug partitioning to a

(LEKC) s negative both atlow and high pH due to a large in- lesser extent into the zwitterionic membranes than the neu-

teraction With.the Iipid_s_ (se€ig. 4. The Iipo;omes have tral drug form. The authors rationalized these findings re-
a large negative mobility {19.51 cnd kV_ _1m|n_ " at pH_ porting that an uncharged amphiphilic species will be favor-
7.0), and therefore, once the drug partitions into the lipo- ably bound to the membrane if the hydrophobic portion is
somes, it will travel at this negative liposome mobility. The embedded in the interior of the lipid bilayer, while the po-
mobility.sigmoidally decr'ea.s.es (becgmes less nega.tive). ASjar headgroup is oriented towards the memb’rane surface. An
}_th%H lnc;ia:jses. Tgfelinl'gnzg goog;“gﬁz_o{;eérgg'g)e "N electrostatic pairing of the positively charged drug and the
o2 k\'/lemin‘lﬂBrzgpectivel ' caICL;Iated accoéding t.o Eq negatively charged phosphate group in the headgroup region
(16). In this casé there is on?/),/ a small difference in mobilit)} OT the "I.Oid b.ilayerwould require a movemem away from the
betWeen the cha{rged and neutral forms of the drug becaus bilayer interior and cause the drug to reposition in the bilayer,
. . R, ) ‘?noving to a less bound position. This is not surprising since
both forms interact v_wth the I_|p|ds significantly, as seeninthe the protonated form (BH has an overall larger polarity than
corresponding fraction plokig. 4. In the low pH range, the the unprotonated form (B); thus has smaller affinity towards

Ilr:'stjtrvo te(;ms_m tEQ(lfil?rﬁ tl:_ie d(ljmlnagt otnctas, W.h'le the the neutrally charged medium of DOPC bilayers. In fact, a
Ird term dominates at high pri values. For te racaﬁiéw similar behavior is observed for partitioning into octanol; that

is small (seeFig. 4), therefore, fg, . is the dominant term, s drugs ionization leads to smaller partitioning into octanol.

and the mobility at low pH is primarily due to the interaction  The situation, however, is different in natural membranes that
with the liposomes (and hence, the mobility of the liposome). possess a net negative charge due to the presence of anionic
The mobility of nefopam as a function of pH in the pres- |ipids.

ence @) and absence#) of the liposomes, and the structure  The partitioning profiles obtained for PC membranes dis-
of nefopam is seen ifrig. 8 Nefopam has a similar pro-  cussed above are quite different than those presented in this
file to tetracaineKig. 7). Nefopam has a slightly reduced  work for the net negatively charged DPRBPPGoDHPGso
negative mobility in the presence of the liposomes com- membranes (membranes containing PG). In this work, the
pared with tetracaine. The limiting mobilities of nefopam in  electrostatic pairing of the charged drug with the net nega-
LEKC, upg and pugy+ are —7.9 (+0.2) and—12.3 (0.2) tively charged membrane is stronger than the partitioning of
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the neutral drug form. The result is a greater retention factor ous. For example, estimates for the dielectric constant in the
atlow pH (Fig. 3). Kramer et al. reported on the pH dependent region of the phospholipid head-groupsis about 32, compared
interactions of the basic drug propranolol in membranes com- with 78 in the bulk aqueoy88]. On the other end, the dielec-
posed of phosphatidylcholine (PC) and mixtures of PC and tric constant deep in the hydrocarbon core of the lipid bilayer
the anionic lipid, phosphatidylinositol (P1) using equilibrium is reported to be around[38]. Therefore, a drug residing in
dialysis[36]. The authors reported the neutral propranolol this headgroup region will be in a very different dipolarity
is more strongly attracted to the PC membranes (net zeroregion than a drug residing the aqueous or one embedded in
charge) than the protonated drug. In contrast, the protonatedhe bilayer.
propranolol has a larger affinity for the Pl containing mem- The pH-metric titration method uses these principles of a
branes than the neutral form of the difi3$]. The results of  shift in ionization constant to determine the distribution co-
Kramer for PC/PI mixed membranes is in agreement with the efficients of charged drud48,19]. This pH-metric method
results presented here for mixed DPPC/DPPG membranes. involves a two-phase potentiometric titration where the drug
Much like the influence of pH on the retention and par- substance is titrated both in the presence and absence of lipo-
titioning of charged drugs, pH will also significantly impact somes. The apparenKpin the presence of liposomes may
the membrane permeability of acidic and basic drugs. The deviate from the 5 in the absence of liposomes based on
relationship between permeability and pH is also sigmoidal the differential partitioning of the charged and neutral form
in shape. Permeability coefficients of basic drugs through into liposomes. This shift in ionization constant is used to
Caco-2 monolayers are small at low pH, and sigmoidally in- calculate the distribution coefficient of the charged drug.
crease as the pH is increased, with the neutral form having From the LEKC retention data, it is possible to examine
a greater permeability coefficient. Palm et al. reported this the lipid-induced shift in ionization constant. MEKC has pre-
for the cationic drugs cimetidine and alfentanil in the pH- viously been used to determine the micellar-mediated shifts
dependent permeation through Caco-2 monolajgitks in ionization constants upon binding of amino acids and pep-
In general, the neutral form of drugs is thought to perme- tides[39]. Eq. (17) is used to determine tiagpK, from the
ate through membranes to a greater extent than the chargethinding constantsk, g+ andKp g are fromTable 2andCp
form. Traditionally, the pH-partition theory has been applied is 10 mM.ApKj values calculated with E§17)are included
to the transport of drugs across cell membranes. This ideain Table 2
relies on the assumption that only the unionized form of an
ionizable drug is able to diffuse across the membrane. How- ADKa = o 1+ Ky g+ CrL
ever, studies have shown that the contribution of the ionized PRa =100 1+ KpsCpL
form of the drug to membrane transport is significant when
the drug has a fraction unionized less than[82]. This is The ApK, values obtained (from EL7)) are 0.47,0.37, and
significant because many drugs will be fully ionized over the 0.05 for tetracaine, nefopam, and lidocaine, respectively.
entire physiological pH range. Similar to the transport of the ~ Tetracaine has the largest retention with the liposomes,
drug across membranes, the partitioning of the ionized form and the greateshpK, (from Eq. (17)). On the other hand,

17)

of the drug into charged membranes is significant. lidocaine has a much smaller overall partitioning, and there-
fore, has aApKj close to zero. The positive shift irkg as
3.2. Lipid-mediated pKshifts observed here is obtained when the charged form of the drug

has a stronger binding than the neutral form. This is seen in

The interactions of drugs with lipid bilayers alter their Fig. 3comparing the retention factors at low and high pH, as
acid—base properties, thus shifting their ionization constants.well as by examining the binding constantsTable 2
The apparent ionization constants in lipid solutions are dif-  Shifts in K5 values ApKa = pKa app— PKa,ag can be ex-
ferent from those in a purely aqueous phase. The magnitudeamined using Ka appas the apparenty in the liposomes,
of the [Kj shift (ApKa=pKa app— PKa,ag depends on the  from the regression data included Table 4 pKj aqis the
difference of binding (i.e. partitioning) of the charged and aqueous ionization constant determined from the nonlinear
uncharged forms of the drugs with the membranes. Fae p  regression fit of the CZE datadble 3. ApK, values de-
of the drug in the lipid (Ka,app and in the aqueous phase termined this way for tetracaine, nefopam, and lidocaine are
(PKa,ag are labeled oifrig. 1. The magnitude of the shiftin ~ 0.12, 0.33, and 0.22, respectively. These values are also posi-
pKa (ApKy) is a function of various properties of the solute tive, indicating a stronger binding of the charged drug form as
and properties of the lipid bilayer microenvironment where previously discussed. However, thgK, values are smaller
the solute resides, including the dielectric constant and sur-than those determined by Ed.7). In this case, nefopam has
face potential. Drugs that reside deeper in the lipid bilayer a larger ApK; value, due to a larger differential partition-
will experience a lower dielectric constant and as a result, aing of the charged and neutral drug forms. The difference in
greater shift in 5 value. Additionally, the charged surface log K+ and logKg for nefopam is greater than for tetra-
of liposomes influences the shift ifkp. caine. Also, the difference between the fraction of charged

When a drug interacts with a lipid bilayer, it experiences a and neutral nefopamin the liposomes is greater than for tetra-
significantly different microenvironment from the bulk aque- caine.



316 J.M. Carrozzino, M.G. Khaledi / J. Chromatogr. A 1079 (2005) 307-316

There are good fits of the CZE mobility data; however, the [4] J.A. Rogers, Y.W. Choi, Pharm. Res. 10 (1993) 913.
fits are not as good for the LEKC mobility data. This is likely ~ [5] E. Omskov, Ph.D. Dissertation, Uppsala University, 2004.
due to the small difference in mobility of the associated and (6! L. Grinius, D.T. Stanton, C.M. Morris, J.M. Howard, A.W. Curnow,

. . . . Drug Dev. Ind. Pharm. 28 (2002) 193.
dissociated forms especially of the more hydrophobic drugs, [7] X.Y. Liu, C. Nakamura, Q. Yang, N. Kamo, J. Miyake, J. Chro-

similar to the work reported in ref26]. On the other hand, the matogr. A 961 (2002) 113.

fits of the retention data is better. In this case, the kiv@rsus [8] G.P. van Balen, C.A.M. Martinet, G. Caron, G. Bouchard, M. Reist,
pH is better for the more hydrophobic drugs due to the greater P.A. Carrupt, R. Fruttero, A. Gasco, B. Testa, Med. Res. Rev. 24
difference in partitioning of the two forms, and lidocaine with (2004) 299.

K . . . . 9] S.T. Burns, A.A. Agbodjan, M.G. Khaledi, J. Chromatogr. A 973
the smallest interaction has a small differential partitioning " (2002) 167 ghod) 9

and the worst fit out of the three. ThepK, should be the [10] A.A. Agbodjan, H. Bui, M.G. Khaledi, Langmuir 17 (2001) 2893.

same as calculated with E4.7), however, itis likely the error ~ [11] H. Lennernas, J. Pharm. Sci. 87 (1998) 403.

associated with fitting the plots which causes the differences.[12] S.H. Chong, R.A. Morrison, P.V. Balimane, J. Pharmacol. Toxicol.
When a drug partitions into a liposome, it primarily expe- Methods 44 (2000) 301.

. the head . Th ter head FS] J. Westman, Y. Boulanger, A. Ehrenberg, I.C.P. Smith, Biochim.
riences the neadgroup region. € outer neadgroup area o Biophys. Acta 685 (1982) 315.

a liposome is very complex with an interfacial region span- [14] s. schreier, W.A. Frezzatti, P.S. Araujo, H. Chaimovich, 1.M. Cuc-

ning the bulk aqueous to the hydrocarbon interior of the lipid covia, Biochim. Biophys. Acta 769 (1984) 231.
bilayer. In this interfacial region there is a significant change [15] J. Miyazaki, K. Hideg, D. Marsh, Biochim. Biophys. Acta 1103
of physical and chemical properties with location in the bi- (1992) 62.

. . [16] S.D. Kramer, C. Jakits-Deiser, H. Wunderli-Allenspach, Pharm. Res.
layer. Therefore, a charged drug that electrostatically binds™ " 7, (1997) 827.

to a charged lipid headgroup might reside in a different lo- [17] R.p. Austin, AM. Davis, C.N. Manners, J. Pharm. Sci. 84 (1995)
cation than the neutral form of the same drug which might 1180.

find a position in the bilayer interior. In this case, the charged [18] A. Avdeef, H.J. Box, J.E.A. Comer, C. Hibbert, K.Y. Tam, Pharm.
and neutral drug forms will experience different microenvi- Res. 15 (1998) 209.

S 19] K. Balon, B.U. Riebesehl, B.W. Hler, J. Pharm. Sci. 88 (1999
ronments. Therefore, drugs that penetrate the lipid bllayer[ ] 802_a0n iebese e arm. ¢t (1999)

headgroup region to different depths will consequently expe- [20] 3.M. Carrozzino, M.G. Khaledi, Pharm. Res. 21 (12) (2004)

rience varied dielectric constants thus influencing their shifts 2327.

in ionization constants. [21] J.M. Carrozzino, M.G. Khaledi, Pharm. Res., submitted for publica-
tion.

[22] Y. Zhang, R. Zhang, S. Hjerh, P. Lundahl, Electrophoresis 16
(1995) 1519.

[23] H. Nakamura, |. Sugiyama, A. Sano, Anal. Sci. 12 (1996) 973.

[24] M. Hong, B.S. Weekley, S.J. Grieb, J.P. Foley, Anal. Chem. 70

The effect of the aqueous pH on the partitioning of ba- (1998) 1394.
sic drugs can easily be determined by LEKC methods. Ba- [25] S.K. Wiedmer, J. Hautala, J.M. Holopainen, P.K.J. Kinnunen, M.
sic drugs partitioning into net negatively charged liposomes _ _ Riekkola, Electrophoresis 22 (2001) 1305.

. . . . LT . 26] M.G. Khaledi, S.C. Smith, J.L. Strasters, Anal. Chem. 63 (1991
have a sigmoidal decrease in retention with increasing pH.[ ] 1820 ' ' (1991)

Applying quantitative models allowed an investigation of the [27] c. Quang, J.K. Strasters, M.G. Khaledi, Anal. Chem. 66 (1994)
contributions of the charged and neutral forms of the drug 1646.

to partitioning by examining the fractions of each of these [28] S.T. Bumns, M.G. Khaledi, J. Pharm. Sci. 91 (2002) 1601.

forms of the drug associated with the Iiposomes [29] H. Okamoto, K. Mori, K. Ohtsuka, H. Ohuchi, H. Ishii, Pharm. Res.
) 14 (1997) 299.

[30] L.A. Holland, A.M. Leigh, Electrophoresis 24 (2003) 2935.
[31] J. Struppe, J.A. Whiles, R.R. Vold, Biophys. J. 78 (2000) 281.
Acknowledgement [32] M.P. Nieh, T.A. Harroun, V.A. Raghunathan, C.J. Glinka, J. Katsaras,
Phys. Rev. Lett. 91 (2003) 1.
Aresearch grant from the US National Institutes of Health [33] C.R. Sanders, R.S. Prosser, Structure 6 (1998) 1227.
is gratefully acknowledged. [34] D. Marsh, CRC Handbook of Lipid Bilayers, CRC Press, Boca Ra-
ton, FL, 1990.
[35] S.C. Smith, M.G. Khaledi, J. Chromatogr. 632 (1993) 177.
[36] S.D. Kramer, A. Braun, C. Jakits-Deiser, H. Wunderli-Allenspach,

4. Concluding remarks

References Pharm. Res. 15 (1998) 739.

[37] K. Palm, K. Luthman, J. Ros, J. Grasjo, P. Artursson, J. Pharm. Exp.
[1] K. Balon, B.U. Riebesehl, B.W. Muller, Pharm. Res. 16 (1999) 882. Ther. 291 (1999) 435.
[2] G.V. Betageri, J.A. Rogers, Int. J. Pharm. 46 (1988) 95. [38] A. Avdeef, Curr. Top. Med. Chem. 1 (2001) 277.

[3] Y.W. Choi, J.A. Rogers, Pharm. Res. 7 (1990) 508. [39] M.G. Khaledi, A.H. Rodgers, Anal. Chim. Acta 239 (1990) 121.



	pH effects on drug interactions with lipid bilayers by liposome electrokinetic chromatography
	Introduction
	Materials and methods
	Reagents
	Liposome preparation
	CE methods

	Results and discussion
	LEKC experiments
	Lipid-mediated pKa shifts

	Concluding remarks (1995) 1519.
	Acknowledgement
	References


