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Liposomes have been used for biomimetic containers and to study phenomena ranging from photo-
synthetic systems to membrane fusion and dynamics. An important aspect of many preparations and in
biological processes is the presence of a pH gradient across the membrane. Here, experiments were conducted
using capillary electrophoresis to investigate the effects of this gradient on liposomes composed of
phosphatidic acid, phosphatidylcholine, and cholesterol. pH gradients for the liposomes were created by
titration of the exterior buffer; then the electrophoretic properties were analyzed by capillary electrophoresis
and the size was measured by laser light scattering. Our results show that the presence of a pH gradient
has a significant effect on the electrophoretic migration of liposome samples, induced principally by a
change in effective charge. The differences in charge for the liposome samples are evaluated with regard
to acid-base equilibria, which is shown to be inadequate to describe the dynamics of the system. A more
complex capacitive theory incorporating elements of the Overbeek-Booth theory and the relaxation effect
appears to more effectively describe the results and could aid in predicting liposome behavior under various
pH gradient conditions.

Introduction
Since Bangham first described liposomes in 1965,

liposome studies have expanded to include pharmaceuti-
cal, cosmetic, cellular, immune, and membrane research.1
Liposomes have been utilized in a large variety of settings,
from cheese farms to chemotherapy drugs.2,3 They are an
excellent model system for membrane studies and provide
a lipid bilayer system that is relatively cheap and easy to
prepare. Liposomes have also been used in fundamental
studies of phenomena such as membrane fusion, ion
gradients, and antigen processing, in addition to novel
fluorescence detection schemes, liposome-based separa-
tions and immunoassays, MRI contrast agents, and for
light-induced proton transfer.4-11 The small enclosed
volume and membrane properties have led to their use as
novel biomimetic containers for reactions between DNA,
proteins, and labeling reagents.12,13 Liposomes have also

been used to study pH gradients in membrane systems.
pH gradients are used for drug loading and modeling
photosynthetic systems, and there is a growing body of
evidence to support a role for transmembrane pH gradients
in drug and neurotransmitter uptake.11,14

Capillary electrophoresis (CE) has been used to study
liposomal properties such as membrane fluidity and
rigidity, size distributions, phospholipid distribution in
the membrane, membrane disruption, and surface charge
density.15-21 Several theories which partially explain the
behavior of liposomes in CE have been examined and
confirmed.14,19,21,22 These include the Gouy-Chapman-
Stern theory concerning pH changes at the membrane-
buffer interface, and the Overbeek-Booth theory con-
cerning the electric double layer and its polarization in an
electric field. However, there has been little examination
of the changes in liposomal properties (such as charge
state) for liposomes with a pH gradient. The effects of a
pH gradient on liposomes are governed by many factors,
only a few of which are clearly understood.14,23 A technique
capable of providing new information about these effects
adds a valuable tool to the study of liposomes. It could
also potentially shed new light on the processes by which

* To whom correspondence should be addressed. E-mail:
MHayes@asu.edu.

† Department of Chemistry and Biochemistry, Arizona State
University, Tempe, AZ 85287-1604.

(1) Lasic, D. D. InHandbook of Nonmedical Applications of Liposomes;
Lasic, D. D., Barenholz, Y., Eds.; CRC Press: Boca Raton, FL, 1996;
Vol. 1, pp 1-12.

(2) Laloy, E.; Vuillemard, J. C.; Dufour, P.; Simard, R. J. Controlled
Release 1998, 54, 213-222.

(3) Li, X.; Hirsh, D. J.; Cabral-Lilly, D.; Zirkel, A.; Gruner, S. M.;
Janoff, A. S.; Perkins, W. R. Biochim. Biophys. Acta 1998, 1415, 23-40.

(4) Chang, D. C.; Hunt, J. R.; Gao, P. Q. Cell Biophys. 1989, 14,
231-243.

(5) Leonetti, M.; Dubois-Violette, E. Physica A 1998, 257, 77-84.
(6) Kim, C. K.; Kim, S. J. J. Immunol. Methods 1993, 159, 101-106.
(7) Singh, A. K.; Kilpatrick, P. K.; Carbonell, R. G. Biotechnol. Prog.

1996, 12, 272-280.
(8) Singh, A. K.; Harrison, S. H.; Schoeniger, J. S. Anal. Chem. 2000,

72, 6019-6024.
(9) Zhang, Y.; Zhang, R.; Hjerten, S.; Lundahl, P. Electrophoresis

1995, 16, 1519-1523.
(10) Locascio-Brown, L.; Plant, A. L.; Chesler, R.; Kroll, M.; Ruddel,

M.; Durst, R. A. Clin. Chem. 1993, 39, 386-392.
(11) Steinberg-Yfrach, G.; Liddell, P. A.; Hung, S. C.; Moore, A. L.;

Gust, D.; Moore, T. A. Nature 1997, 385, 239-241.
(12) Chiu, D. T.; Wilson, C. F.; Karlsson, A.; Danielsson, A.; Lundqvist,

A.; Stromberg, A.; Ryttsen, F.; Davidson, M.; Nordholm, S.; Orwar, O.;
Zare, R. N. Chem. Phys. 1999, 247, 133-139.

(13) Karlsson, M.; Nolkrantz, K.; Davidson, M. J.; Stromberg, A.;
Ryttsen, F.; Akerman, B.; Orwar, O. Anal. Chem. 2000, 72, 5857-5862.

(14) Cullis, P. R.; Hope, M. J.; Bally, M. B.; Madden, T. D.; Mayer,
L. D.; Fenske, D. B. Biochim. Biophys. Acta 1997, 1331, 187-211.

(15) Kawakami, J.; Nishihara, Y.; Hirano, K. J. Colloid Interface
Sci. 1998, 206, 177-180.

(16) Kawakami, K.; Nishihara, Y.; Hirano, K. Langmuir 1999, 15,
1893-1895.

(17) Roberts, M. A.; Locascio-Brown, L.; MacCrehan, W. A.; Durst,
R. A. Anal. Chem. 1996, 68, 3434-3440.

(18) Radko, S. P.; Chrambach, A. J. Chromatogr., B 1999, 722, 1-10.
(19) Wiedmer, S. K.; Hautala, J.; Holopainen, J. M.; Kinnunen, P.

K. J.; Riekkola, M.-L. Electrophoresis 2001, 22, 1305-1313.
(20) Tsukagoshi, K.; Okumura, Y.; Nakajima, R. J. Chromatogr., A

1998, 813, 402-407.
(21) Duffy, C. F.; Gafoor, S.; Richards, D. P.; Admadzadeh, H.;

O’Kennedy, R.; Arriaga, E. A. Anal. Chem. 2001, 73, 1855-1861.
(22) Radko, S. P.; Stastna, M.; Chrambach, A. Anal. Chem. 2000, 72,

5955-5960.
(23) Ceh, B.; Lasic, D. D. Langmuir 1995, 11, 3356-3368.

6499Langmuir 2002, 18, 6499-6503

10.1021/la025625k CCC: $22.00 © 2002 American Chemical Society
Published on Web 07/24/2002



liposomes can be manipulated to enhance drug loading or
used to study fundamental biological processes.

This study focuses on the potential of CE to add relevant
information about the charge state of liposomes that
contain a pH gradient. A pH gradient should cause a
measurable difference in the apparent charge of a lipo-
some, which can be examined and quantitated by CE.
Based on the capacitive nature of the membrane and work
reported in the literature, the addition or removal of
protons in the interior aqueous cavity generates a cor-
responding change in surface charge on the liposome
exterior by capacitive effects or protonation due to acid-
base equilibria (pKa), although there has been some minor
disagreement about this.20,23-25 To determine the amount
of charge present, liposomes with a transmembrane pH
gradient of 1.4 pH units were separated by CE. Liposomes
with a more basic interior (pH 8.8 buffer inside, pH 7.4
buffer outside, labeled C8.8 in/7.4 out throughout) and a more
acidic interior (D7.4 in/8.8 out) were studied, as well as
liposomes with no transmembrane pH gradient at each
corresponding pH (A8.8 in/8.8 out and B7.4 in/7.4 out). The elec-
trophoretic mobilities of each sample were calculated,
giving a direct measure of the charge state, and the results
compared to the capacitive and pKa models.

Materials

All materials were used as received unless otherwise noted.
Phosphatidylcholine and phosphatidic acid (Egg) were obtained
from Avanti Polar Lipids, Inc. (Alabaster, AL), and cholesterol
and tricine were obtained from Sigma-Aldrich (St. Louis, MO).
Potassium sulfate was obtained from EM Science (Gibbstown,
NJ), sodium hydroxide was obtained from Mallinckrodt Baker
Inc. (Paris, KY), and fused silica capillaries were obtained from
Polymicro Technologies (Phoenix, AZ). A 30% (w/v) solution of
BRIJ 35 was obtained from Sigma Diagnostics (St. Louis, MO)
and was diluted to the appropriate concentrations for use in
capillary coating and buffers as described below.

Methods

Liposome Preparation. The liposomes were prepared by
reverse phase evaporation using a 10:1 molar ratio of phos-
phatidylcholine to phosphatidic acid, with 20% (mol/mol) cho-
lesterol as described elsewhere.26 All liposome samples were used
within a week and stored at 4 °C when not used immediately.

pH Gradient Formation. All pH gradient liposome prepa-
rations were created from pH 7.4 interior and exterior liposomes
or pH 8.8 interior and exterior liposomes by slow titration of the
exterior buffer to the new pH. The liposome solution was stirred
constantly during titration to prevent membrane disruption from
the pH change. Once the pH gradient had been created, the
liposomes were used immediately. The pH gradient stability was
determined to be approximately 3 h before rapid equilibration
of the gradient occurred.

Capillary Coating. Fused silica capillaries were coated with
a hydrophilic and uncharged surfactant, BRIJ 35, following the
method of Towns and Regnier.27 Briefly, after sodium hydroxide
and water rinses, an octadecylsilane layer was deposited on the
surface of the capillary, followed by a rinse with 0.5% (w/v) BRIJ
35 solution, resulting in an adsorbed coating of the surfactant
on the walls of the capillary. This was necessary to prevent
adsorption of the zwitterionic headgroups of the liposomes to the
surface. The capillary was then rinsed with the appropriate
running buffer. Successful coatings were determined by elec-
troosmotic flow measurements using a neutral marker (mesityl
oxide).

Capillary Electrophoresis. Running buffers consisted of 2
mM tricine and 15 mM potassium sulfate titrated to pH 7.4 or
8.8 with 1 M sodium hydroxide and then brought to final volume.
Running buffers also contained 0.001% (w/v) BRIJ 35 to minimize
leaching of the adsorbed surfactant from the capillary walls into
the bulk buffer.27 The liposome samples were loaded into a 50
µm inner diameter, 360 µm outer diameter coated capillary by
pressure injection (500 mbar for 5 s). Capillaries were 62 cm to
detector window, 77 cm total length. A voltage of -25 kV was
applied and ultraviolet absorption detection was accomplished
with a Spectra 100 UV-vis spectrometer (ThermoSeparation
Products, Fremont, CA) at 214 nm using the absorption of the
phosphate groups in the lipid headgroups. The adsorbed coating
of BRIJ 35 covered most of the surface silanol groups, and a
small number of residual silanol groups contributed to a weak
electroosmotic flow toward the cathode. However, the liposomes
were net negatively charged at the pHs used and migrated against
the electroosmotic flow; therefore, the polarity of the voltage
applied was reversed (-25 kV). All capillary electrophoresis
experiments were performed on a Crystal CE automated capillary
electrophoresis instrument (Prince Technologies B. V., Emmen,
The Netherlands). Data were collected with the accompanying
software from Analytical Technology Inc. (Oaks, PA). All elec-
trophoretic mobility data sets were subjected to a Student t-test
at a 95% confidence level and were determined to be significantly
different.

Membrane Disruption Fluorometric Study. In one set of
experiments, a fluorescent, pH-sensitive dye (7 µM 9-aminoacri-
dine) was encapsulated in the liposomes and a transmembrane
pH gradient was created. The liposomes were placed in a cuvette
and monitored in a fluorimeter for leakage of the dye in the
presence of BRIJ 35. No leakage of the dye was seen for 3 h, nor
did the interior pH change appreciably.

Dynamic Light Scattering. Data were taken on a Brook-
haven Instruments goniometer (Holtsville, NY) and a Protein
Solutions DynaPro-LSR (Lakewood, NJ), and analyzed in house.
Liposomal pH gradients were created just prior to measurement
from each equal pH preparation, and three pH gradient samples
were analyzed for each case. The equal pH gradient preparations
were measured three times, and the measurements taken were
consistent with the sizes measured from other preparations prior
to the pH gradient creation. Analysis of multiple samples on
multiple instruments revealed a characteristic broad distribution
of sizes with this means of preparation as noted in the Results
section. The laser light scattering data shown did not have any
statistically significant differences in the means of the popula-
tions.

Results and Discussion

Capillary electrophoresis involves the electrophoretic
migration of molecules or particles according to their size
and charge, which results in the separation of different
species. This relationship, in its simplest form, is defined
by

where µ is the electrophoretic mobility, q is the charge of
the sample particle or molecule, r is the hydrodynamic
radius, and η is the viscosity of the buffer. The only
dynamic variables are the charge, q, and radius, r, for the
liposome samples. It should be noted that for any given
preparation the radius covers a finite range, as noted by
Roberts and others, which results in a Gaussian distribu-
tion rather than the individual component peaks seen in
typical CE (Figure 1).17,22 Even with these distributions,
the dynamics associated with the formation of a pH
gradient could be investigated.

Simple pKa Model of Liposome Charge. The exist-
ence of a pH gradient has a marked effect on the
electrophoretic migration of liposomes, and hence either
the overall charge state or the liposome radius, or both,
has been affected (Figures 1 and 2). These liposomes are
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composed of phospholipids which contain a charged
headgroup. At pH 8.8, the phosphatidylcholine should be
zwitterionic and of neutral charge, while the phosphatidic
acid will be negatively charged. At pH 7.4, the phosphati-
dylcholine will remain zwitterionic, but the phosphatidic
acids in the membrane will be partially protonateds
approximately half of the headgroups will protonate, based
on a pKa for the phosphatidic acid of 7.4. For this simplistic
treatment, the B7.4 in/7.4 out liposomes would therefore have
half the charge of the A8.8 in/8.8 out liposomes. Assuming a
bilayer thickness of 40 Å, that each headgroup occupies
an area of 0.7 nm2, and a surface area of 8 × 10-10 cm2

calculated for a sphere of outer radius 80 nm, then
approximately 7200 phosphatidic acids will be protonated,
which corresponds to approximately 1 × 10-15 C of net
negative charge on the liposome. This equates to an
electrophoretic mobility of approximately -8 × 10-7 cm2/
(V s), which is orders of magnitude less than the
experimental value of -3 × 10-4 cm2/(V s) (Figure 2). This
simplistic model is clearly not adequate to describe the
liposome charge states.

pH Gradient Liposome Stability. It is conceivable
that these liposomes may become “leaky” under the
experimental conditions. The BRIJ 35 surfactant used as
an adsorbed coating in the capillary may interact with
the liposome membrane in such a way as to allow charge
transfer across the membrane. However, a fluorometric
study of the liposomes with a pH-sensitive encapsulated

dye revealed no significant change in the interior pH over
a 3 h period in the presence of identical concentrations of
BRIJ 35 (data not shown). Additionally, a literature survey
of liposome membrane stability and electroporation effects
under similar conditions indicates a stable structures
the voltage field strengths typically used for capillary
electrophoresis are well below that required to electropo-
rate a membrane, and the few instances where electropo-
ration is shown at similar voltage field strengths also
involve substantial mechanical pressures.13 It has been
assumed therefore that the pH gradient is relatively stable
over the time frame of these experiments.

Radius Measurements. Given that both the charge
q and the radius r are dynamic variables (eq 1), it was
important to assess whether the radius changed in some
degree as a response to the pH gradient. There is some
evidence for osmotic swelling in the literature in the
presence of a high solute concentration gradient.28,29 With
pH gradients existing across the membrane and the
relatively high permeability of water across phospholipid
membranes, it is possible for the liposomes to swell in an
attempt to equalize the pH imbalance existing across the
membrane. Laser light scattering indicated some differ-
ences between the populations (Figure 3), but there were
large distributions associated with each liposome sample,
which makes interpretation difficult. In addition, even
the presence of high solute gradients will cause only very
small changes due to osmotic swelling (∼6% of total
volume).28,29 Given the light scattering data and literature
evidence, the radius is considered to be relatively constant
and the origin of the charge state should be reexamined
in more detail. The unique attributes of the lipid bilayer
membrane system, in particular its capacitive behavior,
should be examined.

Capacitive Effects. It has been argued that membrane
capacitance has an effect on the surface charge density
only when a transmembrane potential and ion gradient
exist.24 Logically, the liposome surface in a more acidic
environment would exhibit a higher degree of protonation,
whereas a liposome surface in a more basic environment
would be expected to have a lesser degree of protonation.
Surface charge is therefore defined by both the pKa’s of
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Figure 1. Representative electropherograms of liposomes with
different pH interiors and exteriors: A8.8 in/8.8 out; B7.4 in/7.4 out;
C8.8 in/7.4 out; D7.4 in/8.8 out. It should be noted that the liposome peaks
resembled a Gaussian distribution, which was expected given
the charge/size variations inherent in any liposome preparation.

Figure 2. Average electrophoretic mobilities of each liposome
population. Error bars represent the standard deviation for a
series of runs (n > 3 in all cases). Based on the Overbeek-
Booth theory for electrokinetic effects on large nonconducting
particles and the Ceh-Lasic theory for pH gradient loading of
liposomes, the apparent surface charge of the liposomes with
a transmembrane pH gradient is affected by both capacitive
charge effects and the relaxation effect.

Figure 3. Size distributions for the liposome samples as
measured by dynamic laser light scattering. Each column
represents three measurements. The error bars reflect the
standard deviation associated with the averaged radii from the
three data sets. While there has been some evidence in the
literature to suggest that the liposome radius can change due
to osmotic stress induced by concentration gradient, the large
standard deviations do not lend themselves to this argument
for the transmembrane pH gradient liposomes.28,29
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functional groups and capacitive charge. Therefore, lip-
osomes with pH gradients would not have interior and
exterior surfaces of the same charge state as liposomes
with no pH gradient, and would not be expected to have
similar electrophoretic mobilities.

The liposomes have a net negative charge at pH 8.8,
defined by the pKa of the phosphatidic acid headgroups
that constitute approximately 10% of the membrane. At
pH 7.4, approximately half of these phosphatidic acid
headgroups are protonated, which would decrease the
charge by half. Therefore, the B7.4 in/7.4 out liposomes should
migrate more slowly in the electric field than the A8.8 in/8.8 out
liposomes. This was observed by a decrease of 3.6 × 10-5

cm2/(V s) (an approximately 10% change) in electrophoretic
mobility between A8.8 in/8.8 out and B7.4 in/7.4 out. However, if
the electrophoretic mobility differences observed are a
result solely of changes in apparent charge state, then a
difference corresponding to roughly 50% would be expected
from the pKa effects, but was not observed. Some additional
mechanisms must be present in addition to the simple
equilibrium pKa effects.

Coexisting Mechanisms for Apparent Charge
States. It is intuitive that, in addition to simple pKa effects,
additional mechanisms whereby charge transfer can occur
will exist at bilayer membrane interfaces when an ion
gradient is present. One well-known source of transmem-
brane charge effects is the ability of the phospholipid
membrane to behave as a capacitor. Therefore, in addition
to modeling the surface charge of a liposome as a simple
function of acid-base equilibria, the capacitive nature of
the membrane must be taken into account for the pH
gradient liposomes.

If the capacitive nature of the membrane can effect
changes in the apparent surface charge, then it follows
that, in the case of C8.8 in/7.4 out, a large amount of capaci-
tively induced charge would be present at the exterior

surface in addition to the pKa induced charge from the
deprotonated phosphatidic acid groups. From the mem-
brane’s behavior as a capacitor, a large amount of positive
capacitive charge will be present at the exterior surface
for C8.8 in/7.4 out from the pKa induced negatively charged
interior surface at a pH of 8.8. This will result in the
masking of some of the remaining negative charge on the
exterior surface, which is at pH 7.4 (Figure 4A). This in
turn would result in a reduced migration in the electric
field. In agreement with this model, a corresponding
reduction in the migration rate is observed (decrease of
7.7 × 10-5 cm2/(V s)).

In the case of D7.4 in/8.8 out, the exterior surface will have
a high negative surface charge from the pKa induced
deprotonation of the phosphatidic acid groups at pH 8.8.
Additionally, it would be expected that the capacitive
nature of the membrane would not contribute as strongly
due to the partially protonated interior surface, which is
at pH 7.4. Therefore, it is surprising that this liposome
population is not faster than the B7.4 in/7.4 out liposomes. To
explain this result, a more careful study of the factors
which contribute to electrophoretic mobility must be made.

Contributions to Electrophoretic Mobility: The
Relaxation Effect. To better understand the parameters
which govern electrophoretic mobility, it is necessary to
consider in more depth the factors that contribute to the
apparent charge which is measured by electrophoretic
mobility. In particular, attention must be paid to the zeta
(ú) potential, which can be simply defined as the electro-
kinetic potential drop across the electric double layer
surrounding a charged sphere in an electric field. In paying
attention to the ú potential, eq 1 becomes the Smolu-
chowski equation

where µ is the electrophoretic mobility, ú is the zeta

Figure 4. Schematic of capacitive effect theory. Phosphatidic acids are indicated by a shaded headgroup. (A) For the C8.8 in/7.4 out
liposomes, a large amount of positive capacitive charge (indicated as a circled positive charge) would be present at the exterior
surface. This positive capacitive charge would mask a large amount of the negative charge present on the exterior surface at pH
7.4, resulting in a greatly slowed migration in the electric field as compared to A8.8 in/8.8 out. A decrease of 7.7 × 10-5 cm2/(V s) in
electrophoretic mobility was observed. This is diagrammed more simply in the upper half of (A) as a plate capacitor, where the
charge on the interior surface capacitively induces an equal and opposite charge on the opposite side of the membrane. (B) In the
case of the D7.4 in/8.8 out liposomes, less of the interior layer’s phosphatidic acids will be negatively charged, resulting in less capacitively
induced charge on the liposome exterior and therefore less of a reduction in electrophoretic mobility as compared to the B7.4 in/7.4 out
liposomes. A decrease of only 2.2 × 10-5 cm2/(V s) in electrophoretic mobility was observed in this case.

µ ) úε/η (2)
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potential of the particle, ε is the dielectric permittivity of
the buffer, and η is the viscosity of the buffer. The
magnitude of the ú potential is proportional to the ionic
strength of the buffer and the radius of the particle. Both
these factors contribute to the size of the electric double
layer, which in turn contributes to the ú potential, and
are described by the term κR. It is expected that, as κR
increases, the ú potential will increase. The ú potential is
also dependent on the surface charge density of the
particle. As already discussed for the liposome systems in
question, the surface charge density differs drastically
among the populations. It is therefore hardly surprising
that the electrophoretic mobilities are significantly dif-
ferent, given the difference in ú potentials that will result
for each population from the pKa and capacitively induced
charges.

In the case of D7.4 in/8.8 out, a large amount of negative
charge would be expected from both the pKa effects at the
exterior pH 8.8 surface and from decreased positive
capacitive effects from the inner pH 7.4 surface. This
should result in a large κR and subsequently a large ú
potential, and it was expected that these liposomes would
have the fastest mobility. So why was this not observed
experimentally? It has been shown in the literature that
in certain regimes increases in surface charge can decrease
the electrophoretic mobility due to relaxation effects
dominating the system.34,35 The relaxation effect is caused
by the distortion of the electric double layer and the
particle’s ion cloud by the electric field, and results in a
pull in the opposite direction of the particle’s electro-
phoretic mobility. It is likely given the relatively high
ionic strength of the buffer and the large amounts of
surface charge that in this case the κR is in a region
whereby relaxation effects dominate the electrophoretic
mobility despite the increased ú potential.

It should be noted that the transbilayer movement of
the phosphatidic acid from the outer to inner monolayer
could be a factor in the changes in electrophoretic
migration.30-32 According to work by Eastman et al., for
liposomes with a molar ratio of 10:1 phosphatidylcholine

to phosphatidic acid, up to 60% of the phosphatidic acid
present in the outer layer of the liposomal membrane will
migrate to the inner layer in the presence of a pH gradient
of 5 pH units with a more basic interior.31 Since a greater
difference in electrophoretic mobility was observed for
the C8.8 in/7.4 out liposomes, which have a more basic interior,
and the liposomal composition is nearly identical, it is
possible that some of the phosphatidic acid lipids could
have migrated to the inner layer, further contributing to
the positive capacitive charge that would build up on the
exterior surface. However, no cholesterol was present in
the liposomes formulated by Eastman et al., but cholesterol
is present in the pH gradient liposomes used here.
Cholesterol is a well-characterized membrane stabilizer
and contributes to the plasticity of the membrane.33 Since
cholesterol interacts with the hydrophobic carbon chains
of the lipids, it is likely that its presence would negatively
affect the ability of the phosphatidic acid to move from
one monolayer to the other. Additionally, the activation
energy required for the transbilayer movement of phos-
phatidic acid is relatively high (28 kcal/mol), and therefore
this mechanism would not be expected to contribute
overwhelmingly to the changes in apparent charge state
observed.31

Conclusions
We have demonstrated the usefulness of CE as a tool

capable of probing the changes in apparent charge of
liposomal preparations which contain a transmembrane
pH gradient. This work is applicable to a wide variety of
studies, including but not limited to analysis of drug
preparations prepared by pH gradient loading and re-
search of membrane-dependent processes such as en-
docytosis and hormone secretion that could rely on pH
gradients for selective partitioning of species of biological
importance. Future studies will focus on biologically
important pH gradients, such as those involved in
neurotransmitter accumulation, using liposomes as a
biomimetic membrane system.
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