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ABSTRACT: Passive transport across cell membranes is the major route for the
permeation of xenobiotics through tight endothelia such as the blood−brain barrier.
The rate of passive permeation through lipid bilayers for a given drug is therefore a
critical step in the prediction of its pharmacodynamics. We describe a detailed study
on the kinetics and thermodynamics for the interaction of chlorpromazine (CPZ), an
antipsychotic drug used in the treatment of schizophrenia, with neutral and
negatively charged lipid bilayers. Isothermal titration calorimetry was used to study
the partition and translocation of CPZ in lipid membranes composed of pure POPC,
POPC:POPS (9:1), and POPC:Chol:POPS (6:3:1). The membrane charge due to
the presence of POPS as well as the additional charge resulting from the introduction
of CPZ in the membrane were taken into account, allowing the calculation of the
intrinsic partition coefficients (KP) and the enthalpy change (ΔH) associated with the process. The enthalpy change upon
partition to all lipid bilayers studied is negative, but a significant entropy contribution was also observed for partition to the
neutral membrane. Because of the positive charge of CPZ, the presence of negatively charged lipids in the bilayer increases both
the observed amount of CPZ that partitions to the membrane (KP

obs) and the magnitude of ΔH. However, when the electrostatic
effects are discounted, the intrinsic partition coefficient was smaller, indicating that the hydrophobic contribution was less
significant for the negatively charged membrane. The presence of cholesterol strongly decreases the affinity of CPZ for the
bilayer in terms of both the amount of CPZ that associates with the membrane and the interaction enthalpy. A quantitative
characterization of the rate of CPZ translocation through membranes composed of pure POPC and POPC:POPS (9:1) was also
performed using an innovative methodology developed in this work based on the kinetics of the heat evolved due to the
interaction of CPZ with the membranes.

■ INTRODUCTION
Passive transport across cell membranes is the major route for
the permeation of xenobiotics through tight epithelia, such as
the vascular endothelium that constitutes the blood brain
barrier. The rate of passive permeation through lipid bilayers, a
critical step in the prediction of pharmacodynamics, is usually
evaluated from the drug hydrophobicity with little consid-
eration for the rate of insertion/desorption or translocation
through the lipid bilayer. However, in most cases, the rate of
the interaction (rather then the equilibrium partition) is the
most relevant parameter,1−3 and therefore it is very important
to have kinetic details.
Chlorpromazine, a phenothiazine derived antipsychotic

agent, is recommended in psychiatric disorders where neuro-
leptic sedative treatment is needed. It is amphiphilic and self-
aggregates at a critical concentration, forming micelle-like
structures, which undergo temperature- and concentration-
dependent phase transitions.4 Critical micelle concentrations

(CMC) reported for chlorpromazine by different authors, using
different techniques and experimental conditions, are scattered
over a range of 2 orders of magnitude (from 10−5 to 10−3 M).
It should be noted that chlorpromazine has a tertiary amine
(pKa = 9.355), and therefore intermolecular interactions depend
strongly on the solution pH and ionic strength.6 At conditions
similar to those used in this study (22 °C, 10 mM phosphate
buffer at pH 7.3, with 140 mM NaCl), the CMC was found to
be 2 × 10−4 M.6 Aggregation of CPZ at concentrations well
below its CMC is well supported by literature,7,8 and the
structure of a dimer has actually been proposed.4 To guarantee
that CPZ is predominantly in the monomeric form, its
concentration in the aqueous solution at pH ≈ 7 must be
maintained below 3 × 10−5 M.9
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The mechanism of action of chlorpromazine involves
interaction with membrane proteins, but effects mediated by
the lipid bilayer must also be considered. In fact, the binding
affinity of CPZ for erythrocyte ghost was found to be the same
as for neutral membranes, leading the authors to the conclusion
that CPZ does not interact with proteins in the erythrocyte
membrane.10,11 Characterization of the interaction of CPZ with
lipid bilayers as well as its effects on their properties is,
therefore, highly relevant. The interaction of CPZ with lipid
bilayers prepared from phosphatidyl cholines has been widely
studied, and there is evidence for a location of the charged
amine group in the phosphate region, while the tricyclic ring
inserts in the lipid bilayer affecting mostly the properties of the
carbonyl and first methylene groups of the lipid.12 The
ionization properties of CPZ are somewhat affected by
insertion in the lipid bilayer with a decrease in the value of
pKa to 8.3 in phosphocholine (lecithin) from egg yolk (egg PC)
with or without cholesterol.13 A more interfacial location of
CPZ has been argued for the case of negatively charged
membranes based on a larger area expansion of lipid
monolayers upon interaction with CPZ.14 The effect of CPZ
on the properties of lipid bilayers has also been a subject of
intense research. At very high CPZ concentrations, well above
its CMC, the membrane is completely dissolved due to the
formation of mixed micelles, while at lower concentrations
membrane leakage and loss of lipid asymmetry is in-
creased.15−17 A depression in the main transition temperature
of PC membranes is also observed at local CPZ concentrations
above 5 mol %.9,18 Induction of phase separation and domain
morphology changes have been reported for membranes
prepared from mixtures of neutral and negative lipids,18−20

and stabilization of phosphoethanolamine (PE) lamellar phases
has also been shown.21 Suppression of multi drug resistance by
CPZ has been reported in the literature for some time,22 and
this has received special attention recently.23,24 However, the
details and mechanism of this important effect of CPZ in
biomembranes are not known. The interpretation of the
different effects of CPZ in lipid membranes is very difficult
because its local concentration is usually not explicitly
considered and most of the times is impossible to calculate
because the partition coefficient at the conditions of the
experiments is not known.
The partition coefficient of CPZ between the aqueous

medium and lecithin bilayers has been accurately measured by
Kitamura and co-workers11,25−27 and others.9,10 A decrease in
the partition coefficient with the total concentration of CPZ,
from 5 to 100 μM, was observed. At a total concentration of 10
μM and pH ≈ 7, the reported values for the partition
coefficient of CPZ between water and egg PC are 9.9 × 103 10

and 6.8 × 103,25 being 5.4 × 103 for association with 1,2-
dimyristoylphosphocholine (DMPC).9 The value of pH was
shown to affect significantly the affinity to the lipid bilayer that
increases at higher values of pH,10 indicating a higher partition
coefficient for the neutral form. No quantitative interpretation
was given for the dependence of the partition coefficient on
CPZ concentration, although aggregation of CPZ in the
aqueous phase was evoked. In this work, we will readdress
this question taking into account the charge imposed in the
bilayer by the cationic CPZ according to the Gouy−Chapman
theory as was done previously for sodium dodecyl sulfate.28,29

The introduction of cholesterol in the membrane was shown to
decrease the partition coefficient of CPZ,9,26 while the addition
of negatively charged lipids increases the affinity of CPZ for the

membrane.30 We will characterize the effect of cholesterol and
negative charge in the lipid bilayer in an attempt to give a
quantitative interpretation to the variations observed.
The methodology used in the characterization of CPZ

interaction with membranes is mostly based on changes in the
second derivative of CPZ absorption in the UV,10,25−27,30 but
physical separation of the aqueous and membrane phases has
also been used.9 In this work, we use isothermal titration
calorimetry (ITC), a very powerful technique that allows the
measurement of the partition coefficient as well as the
thermodynamic parameters for the interaction. The ITC
technique has been generally used with high concentrations
of ligands, and under those conditions saturation of the
membrane may occur for the case of ligands with a high
partition coefficient. Additionally, those high concentrations are
not appropriate for ligands with a tendency to aggregate in the
aqueous phase. We have recently shown that with the high
sensitivity of modern ITC equipment, the ligand concentration
may be reduced to levels previously accessible only by
spectroscopic techniques,28 allowing the direct characterization
of partition to unperturbed membranes. Additionally, protocols
have been recently developed that allow the qualitative
evaluation of the kinetics of ligand translocation across the
bilayers.31−33 This parameter is of fundamental importance in
the quantitative characterization of the association of ligands
with lipid bilayers because it is necessary to know the amount
of membrane phase that is accessible to the ligand (only the
outer monolayer or both) and also because this is usually
considered the rate-limiting step in their permeation through
membranes.34 In this work, we introduce new approaches that
allow the quantitative measurement of the translocation rate
constant using ITC.
We report here the kinetics and thermodynamics of the

interaction of CPZ with large unilamelar vesicles (LUVs)
prepared from pure POPC, POPC:POPS (9:1), and
POPC:Chol:POPS (6:3:1) using isothermal titration calorim-
etry. The effect of CPZ concentration on the partition
coefficient observed is quantitatively interpreted in terms of
the charge imposed by CPZ in the membrane using the Gouy−
Chapman theory. The relative rate of the insertion/desorption
and translocation processes was obtained using the uptake and
release protocols.31 A quantitative evaluation of the trans-
location rate is also performed, for the case of the membranes
in the liquid disordered phase studied, following an innovative
methodology based on the kinetics of the heat evolved upon
association of CPZ with the membranes. The equilibration of
aqueous CPZ with the outer monolayer of LUVs occurs faster
than the time resolution of the ITC, but a much slower process
is observed due to translocation of CPZ into the inner
monolayer of LUVs, which leads to the association of additional
CPZ with the outer monolayer. The mathematical model to
describe this biphasic heat variation was developed, and the rate
constant of translocation was obtained as a function of both
temperature and pH.

■ MATERIALS AND METHODS
Materials. 1-Palmitoyl-2-oleoyl-sn-glycero-3-phosphocoline

(POPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoserine (POPS),
and cholesterol (Chol) were obtained from Avanti Polar Lipids
(Alabaster, AL). Chlorpromazine (CPZ) and all other reagents and
solvents were of high purity purchased from Sigma-Aldrich Quıḿica
(Sintra, Portugal).
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Preparation of Large Unilamellar Vesicles. Aqueous suspen-
sions of lipids were prepared by evaporating a solution of the desired
lipid or premixed lipid mixture in the azeotropic mixture of
chloroform:methanol (87:13, v/v) by blowing dry nitrogen over the
heated (blowing hot air over the external surface of the tube) solution
and then leaving the residue in a vacuum desiccator for at least 8 h at
room temperature. The solvent-free residue was hydrated with Hepes
buffer (10 mM, pH 7.4) with 0.15 M NaCl, 1 mM EDTA, and 0.02%
(m/v) NaN3 (hereafter termed buffer). The hydrated lipid was
subjected to several cycles of gentle vortex/incubation for at least 1 h,
to produce a suspension of multilamelar vesicles, that was then
extruded in a water-jacketed extruder (Lipex Biomembranes,
Vancouver, British Columbia, Canada) using a minimum of 10 passes,
through two stacked polycarbonate filters (Nucleopore) with a pore
diameter of 0.1 μm.35 The hydration and extrusion steps were
performed at room temperature for the case of POPC and
POPC:POPS 9:1 and at 50 °C for membranes prepared from
POPC:Chol:POPS 6:3:1. The same procedure was followed for
vesicles containing CPZ, except that an appropriate volume a stock
solution of CPZ 5 mM in chloroform:methanol (87:13, v/v) was
added to the lipids and thoroughly mixed prior to vesicle preparation.
The final phospholipid concentrations in the LUVs were

determined using a modified version of the Bartlett phosphate
assay,36 and the final cholesterol concentration was determined by the
Lieberman−Burchard method as described by Taylor et al.37 CPZ
concentrations were determined by their absorbance at 310 nm using
an extinction coefficient of 3260 M−1 cm−1 in aqueous solution.
Characterization of the LUVs. The average size of the LUVs at

25 °C and their zeta potential were measured on a Malvern Nano ZS
(Malvern Instruments, Malvern, UK). The measurements of LUV size
were performed at a total lipid concentration of 1 mM using samples
extruded at 1−10 mM through 100 nm pore size filters. Ten
independent samples were characterized for POPC LUVs. The
samples were monodisperse with an average diameter from 96 to
117 nm, when evaluated from the size distribution by volume, leading
to an average diameter of 106 ± 7 nm. Some samples were also
characterized for the other lipid compositions used in this work, and
the average diameter obtained was 101 nm for POPC:POPS 9:1 LUVs
and 117 nm for POPC:Chol:POPS 6:3:1.
The mobility of the LUVs containing 10% POPS was also

measured, and the ζ potential was calculated,38 using the viscosity39

and dielectric constant40 at the concentration of NaCl present in
solution, with ζ = −17 ± 1 mV for POPC:POPS 9:1 and ζ = −24 ± 1
mV for POPC:Chol:POPS 6:3:1 in the aqueous buffer (10 mM Hepes
buffer at pH 7.4 with 0.15 M NaCl, 1 mM EDTA, and 0.02% (m/v)
NaN3). The value of the ζ potential of LUVs containing CPZ at
concentrations from 2 to 10 molar % was also measured for the lipid
compositions POPC and POPC:POPS 9:1 at a total lipid
concentration of 2 and 4 mM, respectively. For some compositions,
ζ was too small to be accurately measured at the ionic strength used in
this work, and it was measured in aqueous buffer at the same pH but
with different concentrations of NaCl. For those compositions, ζ at
150 mM NaCl was calculated from the results obtained at smaller ionic
strengths, assuming the same dependence as observed for the mixtures
at which it could be measured at all ionic strengths.
Multilamellarity in the LUVs was evaluated from the relative weight

of the different steps in the reduction of NBD-C16 or NBD-DMPE, at
a molar concentration of 0.1%, by dithionite added to the aqueous
solution outside the LUVs.41,42 Typical results are shown in the
Supporting Information. The fraction of lipid in inner bilayers
obtained by both methods was similar, being 9 ± 2% for LUVs with
the lipid composition POPC:Chol:POPS 6:3:1, 12 ± 4% for
POPC:POPS 9:1, and 18 ± 5% for POPC LUVs.
Isothermal Titration Calorimetry. Titrations were performed on

a VP-ITC instrument from MicroCal (Northampton, MA) with a
reaction cell volume of 1410.9 μL, at 25 and 37 °C. The injection
speed was 0.5 μL s−1, stirring speed was 459 rpm, and the reference
power was 10 μcal s−1. As recommended by the manufacturer, a first
injection of 4 μL was performed before the experiment was considered
to start, to account for diffusion from/into the syringe during the

equilibration period, but the injected amount was taken into
consideration in the calculations. The titration proceeded with
additions of 10 μL per injection. Amphiphilic ligands like CPZ may
adsorb to some equipment parts, in particular to the filling syringe,
reducing the amount of ligand available. To overcome this difficulty,
after cleaning thoroughly with water, the equipment cell was rinsed
with a solution with the same composition as the solution to be used
in the experiment before filling with the required titration solution. All
solutions were previously degassed for 15 min.

Two protocols for the ITC experiments were used in this work: (i)
uptake, in which liposomes were injected into a CPZ solution in the
cell, and (ii) release, in which a liposome solution containing CPZ was
injected into the cell containing buffer. The purpose of the uptake and
release protocols was to obtain thermodynamic parameters for the
reaction as well as a qualitative evaluation of the translocation rate
constant.31,33

The thermograms were integrated using the data analysis software
Origin 7.0 as modified by MicroCal to deal with ITC experiments, and
the resulting differential titration curves were fitted with the
appropriate equations using Microsoft Excel and the Add-In Solver.
The concentrations in the cell were calculated taking into account the
volume that overflows the cell due to the addition of solution from the
syringe considering that overflow is faster than mixing, meaning that
the composition of the solution leaving the cell is the equilibrium
composition before the addition.43−45

Partition Model. The predicted heat evolved in titration step i,
q(i), is calculated by eq 1, and the best fit of the model to the
experimental values was obtained through minimization of the square
deviations between the experimental and the predicted heat per
injection for all of the titration steps, as described previously:28
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where V(i) is the injection volume, Vcell is the volume of the
calorimetric cell, and qdil is the “heat of dilution” (residual heat due to
nonbinding phenomena). The amount of CPZ associated with the
lipid bilayer is calculated assuming simple partition between the
aqueous and the lipid phase, kinetic scheme I.

Kinetic Scheme I − Interaction of CPZ with the liposomes
considered as a lipid phase:
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The observed partition coefficient (KP
obs) is given by the ratio of the

concentrations of CPZ in each phase, calculated with respect to the
volume of the respective phase, and is given by the upper line of eq 2,
where nCPZ_T is the total number of moles of CPZ of which nCPZ_W are
in the aqueous and nCPZ_L are in the lipid phase.
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In the equation, VT is the total volume, and VL and VW are the volumes
of the lipid and aqueous phases, respectively. The molar volumes, V̅L,
considered for the lipids used in this work were 0.795 dm3 mol−1 for
POPC46 and POPS and 0.325 dm3 mol−1 for cholesterol.47

Values of the adjustable parameters, KP
obs and ΔH, are generated by

the Microsoft Excel Add-In Solver, and the corresponding heat evolved
at each injection is calculated using eq 1 and the lower line of eq 2.
This is compared to the experimental values obtained in the titration,
and the square difference is minimized.

Depending on the relative rates of translocation and insertion/
desorption, CPZ may or may not be equally distributed between the
two bilayer leaflets. This requires the substitution of CPZ
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concentration by its effective concentration, [CPZ]*, which depends
on the effective lipid concentration, [L]*, according to eq 3. This
introduces the equilibration factor, γ, which is a measure of the fraction
of lipid accessible to CPZ during the titration experiment, with values
of 1 for fully permeable (fast translocation of ligand) and 0.5 for
impermeable membranes (slow translocation of ligand).
For experiments following the uptake protocol (addition of lipid to

ligand in the aqueous phase), all ligand is accessible for partition, and
the effective lipid concentration is either equal to its total
concentration (case of fast translocation) or is reduced to the lipid
in the outer monolayer (case of slow translocation), according to eq 3.
In this type of experiments, if γ is unknown, the uncertainty is
propagated to the partition coefficient, but the calculated enthalpy
variation is accurate. On the other hand, in experiments following the
release protocol, both the lipid effective concentration and the
available moles of ligand must be calculated from eq 3. In this
situation, both KP and ΔH are affected by the uncertainty in γ. The
combination of both protocols allows the calculation of the
equilibration factor and, therefore, the accurate measurement of KP
and ΔH and a qualitative estimation of the translocation rate constant.
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where the index i refers to the injection number, the superscript Syr
indicates concentrations in the syringe, and the subscripts L and W
indicate the phase where CPZ is dissolved, being L for the lipid and W
for water (T for the sum of both).
Correction for the Electrostatic Effect. The partition coefficient

obtained directly from the ratio of the concentrations in both phases,
KP
obs, is dependent on the total concentration of ligand in the bilayer

due to the charge introduced by it and is related to the intrinsic
partition coefficient (for an uncharged bilayer, KP) via the electrostatic
potential at the bilayer surface, Ψ0, as described previously28,29,48 and
shown in eq 4. The bilayer charge density, σ, is related to the
electrostatic potential at the bilayer surface, Ψ0 (eq 5, first line), and
may be calculated from the surface density of charged molecules in the
bilayer (eq 5, second line). The difference between the values of σ
calculated from both approaches is minimized by changing the values
of the surface potential and intrinsic partition coefficient, allowing the
computation of the best value for those two parameters.
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where ε is the dielectric constant, R is the ideal gas constant, F is the
Faraday constant, Ci is the concentration of the charged species i, with
the charge zi, e0 is the elemental electrostatic charge, Aj is the area of
the j component of the lipid bilayer (being 68 Å2 for POPC and
POPS,29 25 Å2 for Chol,49 and 39 Å2 for CPZ14), nj (ni) is the number
of moles of the membrane component j (i), and nL is the number of
moles of lipid. The charge considered for POPS was −1, and that of
CPZ inserted in lipid bilayers at pH = 7.4 was +0.89 (considering its
pKa = 8.313).

■ RESULTS AND DISCUSSION
Effect of Ligand Concentration. To obtain the partition

of small molecules into lipid bilayers, the usual protocol is to
titrate the ligand with increasing amounts of lipid.28,32,50 One

important factor is the eventual effects of ligand in the
membrane,28,51 and this was evaluated through the dependence
of the observed partition coefficient on the total CPZ
concentration when titrated with 5 mM POPC, assembled as
100 nm LUVs, at 25 °C. Given the positive charge on CPZ at
the pH used (pH 7.4), a small rate of translocation is
anticipated, and therefore the accessibility factor was assumed
to be 0.5. The results obtained are shown in Figures 1 and 2.

Figure 1, plot A, shows a typical titration of CPZ at a total
concentration of 5 μM. The interaction parameters, obtained
with eqs 1 and 2, are represented in Figure 1, plot B, together
with the parameters obtained for all of the concentrations of
CPZ studied. The numbers indicated in plot B are the ratio of
lipid per bound CPZ after the first 10 μL injection. This ratio
increases as the titration proceeds due to the increase in the
lipid concentration.
The observed partition coefficient (KP

obs) is independent of
local concentration of CPZ for very small molar fractions of
ligand (smaller than 4%, that is, over 25 lipid molecules per
bound CPZ). For larger local concentrations of CPZ, the
observed partition coefficient shows a significant decrease.

Figure 1. Titration of CPZ at different total concentrations with 5 mM
POPC at 25 °C. Plot A: Typical titration curve obtained for [CPZ]T =
5 μM. The line is the best fit obtained with eqs 1 and 2. Plot B:
Observed partition coefficients (KP

obs, ○) and molar enthalpy change
(ΔH, △) obtained by the best fit of eqs 1 and 2 to the experimental
results. The numbers indicated are the ratio of lipid molecules per
bound CPZ after the first 10 μL injection.

Figure 2. Effect of CPZ concentration on its partition to POPC
bilayers at pH = 7.4 and 25 °C. Plot A: Intrinsic partition coefficients
(KP, ○) obtained for titration of CPZ at different total concentrations
in the aqueous phase, between 2.5 and 50 μM, with POPC 5 mM. The
results are indicated as a function of the lipid to bound CPZ ratio after
the first 10 μL injection. Ideal conditions correspond to high values in
this parameter, while they corresponded to low ligand concentrations
in Figure 1. Plot B: Ratio between the values of the intrinsic and
observed partition coefficient as a function of the local concentration
of CPZ in the POPC bilayer. Plot C: Surface potential predicted by the
Gouy−Chapman theory (Ψ0), eqs 2−5, and the measured zeta
potential (ζ) at the indicated ratios of POPC to CPZ.
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This result was expected due to the positive charge imposed by
CPZ in the bilayer, and it may be accounted for using eqs 4 and
5 from which the intrinsic partition coefficient KP may be
obtained (Figure 2, plot A).
Some dependence of KP on the local concentration of CPZ is

still observed, although it is much smaller than that observed
for KP

obs, reflecting deviations from ideal behavior. The small
increase in KP observed for very small and very large local
concentrations of CPZ may reflect an overestimation of the
membrane surface potential by the Gouy−Chapman theory due
to the limitations of this approach, which does not consider the
discreteness-of-charge.48,52−55 Additionally, the binding of
sodium and chloride to POPC was not taken into account.
This is not expected to influence significantly the results due to
the small binding constants reported for the binding of those
ions to phosphocoline membranes and the similar affinities of
both ions.56 The abrupt variation of KP between 1:25 and 1:10
CPZ:lipid molecules possibly indicates a distinct mode of
interaction between CPZ and the POPC bilayer, which may be
related to the formation of aggregates in the membrane. In fact,
significant effects of CPZ in the properties of membranes have
been observed at comparable CPZ concentrations.9,15−18

The ratio between the observed and the intrinsic partition
coefficient is represented in Figure 2, plot B, and it may be seen
that the two parameters converge for low local concentrations
of CPZ (less than 4% molar ratio), giving KP = (1.7 ± 0.2) ×
104 with ΔH = −12 ± 2 kJ mol−1 and KP

obs = (1.5 ± 0.4) × 104

with ΔH = −13 ± 1 kJ mol−1 at 25 °C. The parameters
obtained are very similar to those reported in the literature for
partition of CPZ to EggPC SUVs using small ligand
concentrations where the partition was followed through the
variations in CPZ absorption spectra (KP

obs =1.5 × 104 at
37 °C,10 with a van’t Hoff enthalpy of −9.5 kJ mol−1 27).
When the local concentration of CPZ is high, the calculation

of the intrinsic partition coefficient is strongly dependent on
the electrostatic model used. To have some indication on the
adequacy of eqs 4 and 5, we have measured the ζ potential of
POPC LUVs loaded with CPZ at a ligand to lipid molar ratio of
1:50, 1:20, and 1:10. The dependence of ζ on the local
concentration of CPZ is similar to that of the surface potential
predicted from the Gouy−Chapman theory, but the magnitude
of the ζ potential is significantly smaller, Figure 2, plot C. Some
difference was anticipated because ζ is the potential at the
hydrodynamic shear plane and not at the bilayer surface, which
is the potential predicted by the equations used in this work
and felt by CPZ when inserted in the bilayer.38

Given the difficulties in the correction for the electrostatic
effects, the uncertainty associated with the parameters required,
and the higher complexity in data analysis, it is therefore
preferable to use the lowest concentration of ligand that
generates a good signal-to-noise ratio (5 μM) and analyze the
results in terms of the partition coefficient directly obtained
experimentally, KP

obs. A total concentration of CPZ correspond-
ing to a lipid to CPZ bound ratio of at least 25, in the first
10 μL injection, was used throughout the rest of the work.
At the pH used in the experiments, 99% of CPZ is in the

protonated state (pKa = 9.355), and based on the reported value
of the ionization constant for CPZ inserted in lipid bilayers
(pKa = 8.313), 89% remains in the charged protonated state
after interaction with the membranes. Because of the
importance of this process in the interpretation of the
interaction enthalpies obtained, we have performed titrations
in buffers with different ionization enthalpies to evaluate the

fraction of protons released upon partition to the POPC
bilayers.57 No significant dependence of ΔH on the ionization
enthalpy of the buffer was observed, an indication that the
fraction of protons released or bound upon association with the
membrane is ≤0.1 (results not shown).

Translocation of CPZ in Membranes Prepared with
POPC. In the previous section, we have considered that CPZ
translocation was slower than the characteristic time for the
titration; this assumption was required for the preliminary
experiments to identify the most appropriate ligand and lipid
concentrations. The rate of translocation will now be evaluated,
using the selected best CPZ and lipid concentrations, and this
will be first attempted through the global best fit of titrations
performed according to the uptake and release protocols.31

ITC uptake and release curves obtained at 25 °C for CPZ
titration with POPC LUVs are represented in Figure 3. The

uptake experiment was performed injecting aliquots of 5 mM
POPC into 5 μM CPZ in buffer, while in the release experi-
ment aliquots of 15 mM POPC preloaded with 0.15 mM CPZ
(POPC:CPZ molar ratio equal to 100) were injected into the
sample cell containing buffer, both spaced by 200 s between
injections.
The experiment performed at 25 °C was well fitted by

eqs 1−5, using a lipid accessibility factor of γ = 0.5 in eq 3, and
the average thermodynamic parameters found previously for
titrations of CPZ at 5 μM using the uptake protocol. In
contrast, if an accessibility factor of 1 was imposed, the best
global fit of the uptake and release experiments was not
acceptable (Figure 3, plot A). The variation of the global fit χ2

on the accessibility factor is shown in the inset with a minimum
for γ = 0.4−0.5 and increasing sharply for γ ≥ 0.55. This
indicates that translocation of CPZ between the two bilayer
leaflets is negligible during the time scale of the experiment at
25 °C. Those results show, additionally, that the fraction of
lipid exposed to the aqueous media outside the LUVs is
between 40% and 50% and, conversely, that the fraction of lipid
present in inner bilayers is smaller than 20%. This is in
agreement with the results obtained by other methods for the
multilamellarity of the LUVs used in this work (see the
Supporting Information for details).
The results obtained in the experiments at 37 °C are shown

in Figure 3B. In this case, the best global fit for the uptake and
release experiments leads to γ ≈ 0.7, and a good fit could not be

Figure 3. Titrations curves obtained for the uptake (○) and release
(□) protocols with POPC membranes. Plot A: Experiments at 25 °C.
The lines are the best fit using γ = 0.5 (continuous line) and γ = 1
(dashed line). Plot B: Experiments at 37 °C. The lines are the best fit
obtained with γ = 0.5 (−−−), γ = 1 (- - -), and γ = 0.7 (−). The insets
show the dependence of the square deviation between the global best
fit and the experimental results (χ2) as a function of γ.
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obtained in any of the two thermodynamically meaningful cases
(γ = 0.5 or 1); see inset in the figure. Intermediate values of
accessibility factors reflect translocation rates comparable to the
titration experiment, but a quantitative characterization of this
parameter cannot be performed using this approach.48

In an attempt to separate the processes of equilibration of
CPZ between the outer monolayer and the aqueous phase and
its translocation across the bilayer, the time between injections
was increased from 200 to 3600 s in an uptake experiment. The
results obtained are shown in Figure 4 where it can be seen that

most heat is evolved during the first minutes with an additional
slower step being also present that extends up to 40 min (see
inset of plot A). The fast process corresponds to the partition
of CPZ into the outer monolayer of LUVs, and the slower step
was attributed to the entry of new CPZ into the outer
monolayer due to translocation of CPZ from the outer into the
inner monolayer. It should be noted that translocation in itself
does not originate any heat change because both initial and
final states are energetically equivalent. However, as CPZ leaves
the outer monolayer, due to translocation into the inner, some
additional CPZ partitions between the aqueous phase and the
outer monolayer of the LUVs, according to kinetic scheme II
and eq 6.
Kinetic Scheme II − Interaction of CPZ with the outer (o)

and inner (i) leaflets of LUVs:
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where k+, k−, and kf are the rate constants for insertion into,
desorption from, and translocation through the lipid bilayer.
The heat evolved at a given time after each injection is
proportional to the variation in the total amount of CPZ in the
membrane (in the outer plus inner leaflets), and the rate
constants may be obtained from the best fit of eq 6 to the
experimental curve. As is evident in Figure 4A, the fast step
dominates the variation of the differential heat, and this
decreases the statistical weight of the best fit to the most
relevant slower process. The weights of the two processes
become comparable when the cumulative heat is represented,
Figure 4B, and we have therefore opted for performing the best
fit of the cumulative heat with the numerical integration of eq 6.
The results presented were obtained after the injection of 10 μL
of a 15 mM POPC suspension into CPZ at 15 μM (a small
concentration of POPC was already in the cell due to the
injection of the recommended 4 μL), and the weight of the two
steps leads to a 20% increase of CPZ in the membrane due to
partitioning to the lipid in the inner leaflet, in agreement with
that predicted from the value of the partition coefficient
obtained using standard protocols (see Table 1).
The rate constants obtained from the best fit of eq 6 to the

cumulative heat shown in Figure 4B were 3.1 × 10−2 and 1.3 ×
10−3 s−1 for the fast and slow processes, respectively. The fast
process is due to partitioning to the outer monolayer (k+[LUV] +
k−), but the characteristic rate constant obtained cannot be
used to calculate the rate of insertion and desorption because
the heat variation is being limited by the time response of the
equipment (∼10 s). To improve the confidence in the nature of
the process generating the slower heat variation, we have
performed the experiment at different values of pH from 6.5 to
8.0. The reported pKa of CPZ inserted in lipid bilayers is equal
to 8.3,13 from which the fraction of ligand in the neutral form
at the different values of pH may be calculated to be 0.016 at
pH = 6.5, 0.05 at pH = 7, 0.11 at pH = 7.4, and 0.33 at pH = 8.
This increase in the fraction of neutral form with pH is expected
to accelerate significantly the rate of translocation (eq 7), and

Figure 4. Kinetic profile of the heat evolved due to the addition of
POPC vesicles to an aqueous CPZ solution. Plot A: Injection of 10 μL
of POPC 15 mM into CPZ 15 μM, at 37 °C, recorded for 3600 s
(evidence for the slower step). Plot B: Cumulative heat in time for the
partition of CPZ into POPC LUVs. The line is the best fit of eq 6 with
the rate constants 3.1 × 10−2 and 1.3 × 10−3 s−1 for the fast and slow
process, respectively.

Table 1. Kinetic and Thermodynamic Parameters for CPZ Translocation in POPC and POPC:POPS 9:1 LUVs and Parameters
Obtained for CPZ Partition into Those Membranes Taking into Account Partial Translocation during the Titration

translocation partition

T (°C) kf
a (10−4 s−1) ΔH (kJ mol−1) TΔS(37 °C) (kJ mol−1) KP

obs (104) ΔH (kJ mol−1) TΔS (kJ mol−1)

POPC 25 3.9b 62 ± 12 −32 ± 8 1.2 ± 0.4 −12 ± 1 12
37 10 ± 2 1.0 ± 0.3 −11 ± 1 13

POPC:POPS (9:1) 25 6.6 ± 0.7 49 ± 10 −44 ± 7 1.4 ± 0.2 −21 ± 3 3
37 15 ± 1 1.3 ± 0.1 −22 ± 3 2

aThe average values shown are from the best fit shown in Figure 6, and the standard deviations were calculated from the three experimental
measurements performed at the indicated temperature. bExtrapolated from the results obtained between 30 and 40 °C, Figure 7.
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this was in fact observed (Figure 5). The global rate of
translocation is given by:

= ++ +k k k[CPZ ] [CPZ ]f f f
0 0

(7)

where [CPZ+] and [CPZ0] are the concentrations of CPZ in its
cationic and neutral states, respectively, and kf

+ and kf
0 are their

respective translocation rate constants. The concentrations of
neutral and charged CPZ species are calculated from its
ionization constant (Ka) and solution pH (eq 8).

=
+

= −−
+K

K
[CPZ ]

[CPZ]

10
; [CPZ ] [CPZ] [CPZ ]0 T a

pH
a

T
0

(8)

From the dependence of the rate of translocation with the value
of pH, one can obtain the rate constant for translocation of the
neutral form, kf

0, as well as that of the cationic form, kf
+, being

3.6 × 10−3 and 9.0 × 10−4 s−1, respectively, at 37 °C. The excellent
fit of the predicted dependence with pH to the observed
variation gives support to the interpretation that this slow step is
due to translocation of CPZ between the bilayer leaflets. The
ratio between the rate constants for translocation of the neutral
and charged form is equal to 4. This is smaller than anticipated
based on the usually observed much faster permeation of neutral
ligands as compared to charged ones.58−60 However, it should be
noted that for most solutes, when the Meyer−Overton rule
applies,34 the rate of permeation is directly proportional to both
the translocation rate and the fraction of solute associated with
the outer monolayer (which is given by the partition coefficient),
and, in fact, for the few ligands where the two processes have
been measured, the ratio between the rates of translocation of
neutral and charged species may be even smaller than the one
obtained for CPZ (kf

0/kf
− = 2 for an aromatic carboxylic acid58).

Additionally, the translocation rate constant obtained for the
neutral form is strongly dependent on the value considered for
the ionization constant (e.g., if pKa = 8.5 is assumed, the value
obtained from the best fit is kf

+ = 4.6 × 10−3 s−1, leading to a ratio
equal to 5).
The experiment at pH = 7.4 was performed at different

temperatures, from 30 to 40 °C, to obtain the thermodynamic
parameters of the translocation step. The results are shown in
the next section (Figure 7) together with data for POPC:POPS
mixtures.
Translocation of CPZ in Membranes Containing

POPS. The combination of uptake and release protocol was
successfully used to obtain qualitative information on the

translocation of CPZ in the more ordered membranes,
containing cholesterol (POPC:Chol:POPS 6:3:1). The results
obtained are shown in Figure 6 and indicate that translocation
of CPZ between the two leaflets is negligible during the time
scale of the titration experiment, γ = 0.5, at both 25 and 37 °C.
The inset shows the variation of the global fit χ2 on the value of
γ, indicating that a good global fit is obtained when considering
that 40−50% of the lipid is in the outer monolayer of the LUVs.
The results impose an upper limit for the rate of translocation
in those membranes, which must be equal to or smaller than
4 × 10−4 s−1 at both temperatures.
To identify the contributions from cholesterol (reduced

membrane fluidity) and POPS (negative charge) in the smaller
rate of permeation, we have also characterized the translocation
of CPZ in membranes prepared from POPC with 10 mol %
POPS. This was first attempted using the uptake and release
protocol. However, good release titrations could not be
obtained due to the presence of an unexpectedly high heat of
dilution and/or heat curves that could not be well described by
eqs 1−5 regardless of the accessibility factor considered (results
not shown). A tentative interpretation of this observation is
related to the opposite charges of POPS and CPZ and the
relatively high local concentrations of CPZ required for the
release protocol (1 mol %). This may affect the phase behavior
of the POPC:POPS bilayer, which shows nonideal mixing even
at this small fraction of charged lipid.61 Changes in the
membrane properties upon incubation with CPZ would lead to
the occurrence of other processes during dilution in the release
protocol, in addition to CPZ equilibration with the aqueous

Figure 5. Translocation rate constants obtained for CPZ in POPC
lipid bilayers at different pH buffer solutions. The line is the best fit for
the global theoretical translocation rate constant of CPZ, with pKa =
8.3 and kf for the neutral and cationic forms equal to 3.6 × 10−3 and
9.0 × 10−4 s−1, respectively.

Figure 6. Uptake (○) and release (□) experiments with membranes
composed of POPC:Chol:POPS (6:3:1) at (A) 25 °C and (B) at
37 °C. The lines are the best fit of eqs 1−6 with γ = 0.5, and KP =
5.8 × 103, ΔH = −4 kJ mol−1 at 25 °C and KP = 4.1 × 103, ΔH =
−12 kJ mol−1 at 37 °C. Insets are as in Figure 3.

Figure 7. Translocation rate constant for chlorpromazine in
membranes prepared from pure POPC (●) and POPC:POPS (9:1)
(□). The lines are the best fit of the absolute rate theory with ΔH = 62
and 49 kJ mol−1 for translocation in POPC and POPC:POPS (9:1),
respectively.

Journal of the American Chemical Society Article

dx.doi.org/10.1021/ja209917q | J. Am. Chem. Soc. 2012, 134, 4184−41954190



phase. In the uptake protocol, no evidence is encountered for
unusual processes because the high local concentration of CPZ
attained at the beginning of the titration is rapidly decreased as
the titration proceeds due to the increase in the concentration
of lipid. Effects of CPZ on the phase behavior of charged
membranes have been previously observed.18

The methodology described above for the case of POPC
bilayers was therefore followed to characterize the rate of
translocation of CPZ through the POPC:POPS (9:1) bilayers
in the temperature range from 25 to 40 °C (Figure 7). The
rate of translocation obtained for the charged bilayers in the
liquid disordered state is slightly higher than that observed
in POPC bilayers, with the best fit values being 1.5 × 10−3 and
1.0 × 10−3 s−1, respectively, at 37 °C and pH = 7.4. (The rate
constants for translocation shown are the observed ones
corresponding to the average of the rate constants for the
neutral and charged species weighted by their relative molar
fractions. The expected stabilization of the cationic species at
the negatively charged membrane would lead to an increased
value of pKa and a corresponding increase in the fraction of
charged CPZ. This effect should have decreased the observed
rate constant for translocation.) This result was at first
surprising in view of the expected stabilization of the inserted
state of the cationic CPZ molecule at the negative surface of the
bilayer. The observed increase in the rate of translocation is
most likely a result of an overcompensating effect due to
the larger free volume in the charged bilayer.62,63 Increased
rates of permeation through negatively charged membranes
have been observed by other authors for neutral, zwitterionic,
and negatively charged ligands.64 In that work, the permeation
was accelerated by over an order of magnitude for some of the
ligands, and the effect on the calculated rate of translocation, eq
9, was even larger for all ligands.
The experiments following the methodology developed in

this work for the measurement of the translocation rate
constant have been repeated at different temperatures, allowing
the calculation of the thermodynamic parameters associated
with the formation of the transition state in translocation. The
results obtained are shown in Figure 7 and Table 1 and indicate
that the slower translocation in POPC bilayers is due to a larger
enthalpy variation between the ligand in the inserted and in the
transition state (it should be noted that the uncertainty
associated with those parameters is very high, due both to the
large errors at each temperature and to the small temperature
range studied). The entropy variation associated with the
formation of the transition state in the translocation process is
negative for both membranes, indicating that the bilayer is less
disordered when CPZ is located in the bilayer center as
compared to CPZ inserted in the leaflets. Similar results have
been obtained before for ligands structurally very distinct from
the membrane-forming lipids and were interpreted as evidence
for the formation of defects in the membrane around the
inserted ligand. The effects now observed for CPZ are far more
significant than previously obtained for fatty amines and
phospholipids,41,42 because CPZ inserted in the bilayer has the
bulky aromatic rings at the carbonyl region,12 creating a large
defect below, in the acyl chain region of the bilayer. Smaller
entropies in the translocation transition state have also been
observed for bilirubin in POPC bilayers.65

When translocation is slower than equilibration between the
aqueous and lipid phases, a situation encountered for CPZ in all
membrane compositions studied, the permeability coefficient

may be calculated from the partition coefficient and trans-
location rate constant:42,66−68

= λP k Kf P (9)

where λ is required to convert the ligand concentration from
volume to surface units (in the calculations, λ was equal to the
radius of the solute, 3.5 Å for the case of CPZ).
The values obtained for the permeability coefficients of CPZ

at 25 °C are PPOPC = 1.6 × 10−7 cm s−1, PPOPC:POPS = 3.2 × 10−7

cm s−1, and PPOPC:Chol:POPS ≤ 1 × 10−7 cm s−1, and the increase
in the temperature to 37 °C leads to a 2-fold increase in the
permeability coefficient for both POPC and POPC:POPS
membranes. This permeability coefficient is similar to that
reported for the hydrophobic ion TPP+ (tetraphenylphospho-
nium), PEggPC ≅ 2.0 × 10−8 cm s−1.68 The complete charge
delocalization occurring in TPP+ results in a much faster
translocation as compared to CPZ, but this is overcompensated
by a much smaller partition coefficient,68 leading to a similar
permeation coefficient.
Permeability coefficients for CPZ across cell monolayers has

been measured in vitro, being equal to 2 × 10−8 cm s−1, for
confluent MDCK cell monolayers at 37 °C, when measured as
the rate of drug entering the receiver container.69 Significantly
larger permeability coefficients are encountered when per-
meation is evaluated from the rate of drug disappearance from
the donor container.69 However, in this case, it is not
transcellular permeation that is being followed but rather the
rate of interaction between the drug and the cell monolayer.
The permeability coefficient calculated in this work is
comparable to that obtained in vitro for MDCK cell
monolayers. The faster permeation coefficient obtained for
the POPC bilayer is due to the larger fluidity of this model
membrane as compared to the apical membrane of MDCK cells
that are enriched in sphingomyelin and cholesterol.70,71

Effect of CPZ Translocation on the Calculated
Partition Coefficient. To analyze the thermograms obtained
due to addition of lipid to the ligand, a value must be assumed
for the accessibility factor of the lipid (and for both lipid
and ligand in the case of the release protocol). In the first
section of this work, we have studied the effect of ligand con-
centration on the observed partition coefficient at 25 °C
assuming γ = 0.5, an approximation that was supported by the
positive charge in CPZ and by the global fit to the results fol-
lowing the uptake and release protocols. Given the quantitative
characterization of the translocation step using the method-
ology developed in this work, the value of this parameter at
25 °C may be calculated giving kf = 3.9 × 10−4 s−1. After the
200 s of each injection, only 8% of the equilibrium value of
CPZ in the inner monolayer is attained, further supporting
the assumption of slow translocation. It should be noted,
however, that equilibrium between the outer and inner monolayer
proceeds throughout the titration (∼3600 s), and even those
small rates of translocation will influence the estimated partition
coefficient.
Partial translocation may be included in the calculation of the

amount of ligand associated with the bilayer by explicitly
considering the outer and the inner leaflets, according to eqs
10−13.
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The amount of ligand in the outer monolayer at the
beginning of the injection (t = 0) and at the end of injection i
(t = δ) is given by:
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and the amount of ligand in the inner monolayer at the
beginning and end of the injection is given by:
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where the characteristic rate constant, β, is given by:
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The moles of ligand that have partitioned to the membrane
during injection i (responsible for the heat generated in that
titration step) is given by eq 13:
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Under the experimental conditions of this work, low ligand
concentrations, and 100 nm LUVs, the amount of lipid in the
inner and outer leaflet is the same ([L]o = [L]i = [L]/2), and
the observed partition coefficient may be used in the above
equation, being equal for both monolayers. The time between

injections was 200 s, and this interval was considered for the
calculation of the heat per injection (δ = 200 s).
With the above equations, it is possible to evaluate the effect

of the rate of translocation on the calculated parameters. For
titrations performed at 25 °C, the inclusion of partial
translocation in the model did not significantly affect the
values obtained for both KP

obs and ΔH as compared to those
obtained without translocation. The values shown in Table 1
(using the observed accessibility factor) and in Table 2
(imposing γ = 0.5) are slightly different from those indicated
in the first section of this work because they included all
titrations performed that lead to a lipid:CPZ_L ratio above 25
at the first 10 μL injection using [CPZ]T from 5 to 15 μM and
a lipid concentration in the syringe from 5 to 15 mM (over 10
titrations at each temperature), while in the previous section
only the titrations with 2.5 and 5 μM CPZ and 5 mM POPC
were considered. The less restrictive rule used throughout the
work generated a small decrease in the value of KP

obs obtained.
The values obtained for the partition parameters at 37 °C are

somewhat more sensitive to the model used due to the

occurrence of significant translocation during the titration.
Figure 8 shows the best fit of the extreme situations (γ = 0.5
and 1) to a titration profile calculated with the average values of
the parameters for CPZ interaction with POPC bilayers at
37 °C (kf = 1.0 × 10−3 s−1, KP

obs = 1.0 × 104, and ΔH = −11 kJ
mol−1). The two extreme situations lead exactly to the same
shape for the titration curve although with different parameters
(KP

obs is reduced to one-half when fast translocation is

Table 2. Equilibrium Parameters Obtained for the Partition of CPZ to the Different Membranes Studied Using a Simple
Partition Model and after Correction for the Electrostatic Effectsa

simple model corrected for electrostatic interactions

T (°C) KP
obs (104) ΔH (kJ mol−1) TΔS (kJ mol−1) KP (10

4) ΔH (kJ mol−1) TΔS (kJ mol−1)

POPC 25 1.3 ± 0.1 −15 ± 2 9 1.5 ± 0.4 −13 ± 1 11
37 1.4 ± 0.2 −14 ± 1 10 1.4 ± 0.3 −13 ± 1 12

POPC:POPS (9:1) 25 1.5 ± 0.3 −23 ± 3 1 1.0 ± 0.3 −21 ± 3 1
37 1.3 ± 0.3 −28 ± 6 - 4 0.9 ± 0.2 −27 ± 3 −3

POPC:Chol:POPS (6:3:1) 25 0.68 ± 0.03 −5 ± 1 17 0.61 ± 0.03 −4 ± 1 18
37 0.63 ± 0.08 −14 ± 2 8 0.41 ± 0.04 −12 ± 2 10

aThe accessibility factor considered was always 0.5 (corresponding to slow CPZ translocation).

Figure 8. Effect of translocation on the shape of the titration curve. The
best fit of a typical titration of 15 μM CPZ with 15 mM POPC at 37 °C is
shown in gray (○), and the best fit with very slow and very fast transloca-
tion is show in black. The inset shows a closer view of the end of titration
to highlight the misfit. The gray curve was obtained with the average values
for the parameters (Table 1): kf = 1.0 × 10−3 s−1, KP

obs = 1.0 × 104, and
ΔH = −11 kJ mol−1. The best fit of the two extreme conditions has exactly
the same shape but different values for the parameters: kf = 0 s−1, KP

obs =
9.6 × 103, and ΔH = −13 kJ mol−1 (black line) and kf = 3.0 × 10−2 s−1,
KP
obs = 4.8 × 103, and ΔH = −13 kJ mol−1 (black line).
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considered). There is a clear misfit of the extreme models to
the last part of the titration, although it should be noted that
when experimental noise is added the distinction between the
models could not be done on the basis of a better fit. The devia-
tions observed result from the significant additional heat evolved
between 15 and 50 min (injections 5−15) due to translocation of
CPZ (with a characteristic time, τf = 1/kf, equal to 17 min) inserted
into the outer monolayer in the first injections (over 75% CPZ is
associated with the bilayer after injection 6).
In the first section of this work, we report a small but

significant increase in the intrinsic partition coefficient of CPZ
to POPC membranes at lipid:CPZ molar ratios smaller than 10,
Figure 2A. This increase was interpreted as an overcorrection of
the electrostatic effects using the Gouy−Chapman theory. The
increase observed in KP may also result from variations in the
rate of CPZ translocation at those high local concentrations, an
increase in the rate of translocation leading to an accessibility
factor larger than the assumed value of 0.5. In fact, the rate of
translocation of 50 μM CPZ when titrated with 5 mM POPC
(leading to L:CPZ_L equal to 6 after the first 10 μL injection)
was sufficiently fast to be measured at 25 °C using the methodo-
logy developed in this work and is equal to 2.0 × 10−3 s−1

(5 times faster than obtained for smaller local concentrations
of CPZ). This result is in agreement with, and gives support to,
the qualitative observation of increased lipid scrambling in the
presence of relatively high CPZ concentrations.15−17

The titrations performed with POPC and with POPC:POPS
(9:1), at a lipid to ligand ratio above 25 in the first 10 μL
injection, were analyzed with eqs 10−13 taking into account
the observed value for the translocation rate constant. The
parameters obtained are shown in Table 1.
A small decrease in KP

obs is observed when the temperature is
increased from 25 to 37 °C for the association of CPZ with
both membranes, in agreement with that predicted for an
exothermic process. The thermodynamic parameters obtained
indicate that partitioning to the POPC membrane has signifi-
cant contributions from both enthalpy and entropy, while
interaction with the negatively charged membrane is dominated
by the enthalpic term.
The value of KP

obs obtained for partitioning to the negatively
charged membrane is only slightly higher than that for
partitioning to the POPC membrane. This result was
unexpected due to the electrostatic interaction between CPZ
and the negatively charged membrane, but is in agreement with
the reported small increase observed in EggPC:EggPS 9:1
membranes.30 The thermodynamic parameters obtained in this
work allow an interpretation of this result. It can be observed
that the relatively small increase in the Gibbs free energy
associated with partition of CPZ to the charged membranes is
due to a decrease in the entropy contribution that almost
balances the more favorable enthalpy contribution observed in
the negatively charged membrane. Given that an increase in
entropy is expected when CPZ partitions to the membrane, due
to the hydrophobic effect, this result points toward a reduction
of the entropy of the POPC:POPS membrane upon partition of
CPZ. This is in agreement with CPZ perturbation of the
(already nonideal) mixing of the two lipids and with the
problems encountered with the titrations performed according
to the release protocol. From the temperature variation
observed for the partition coefficient, the van’t Hoff enthalpy
may be calculated to be −12 and −5 kJ mol−1 for the POPC
and POPC:POPS membranes, respectively. The disagreement
between the van’t Hoff and the calorimetric enthalpy obtained

for the charged membrane further supports the occurrence of
additional processes in this membrane upon partition of CPZ.
The interaction between the head groups of phosphatidyl
serine lipids is relatively strong due to the formation of
hydrogen bonds, but the electrostatic repulsion between the
negatively charged lipids prevents their phase separation in the
mixed membranes.61 Changes in the electrostatic potential of
the bilayer may affect their phase behavior. On the basis of the
results obtained, we speculate that the cationic ligand CPZ
induces POPS clustering (and eventually phase separation) in
the POPC:POPS 9:1 membrane.
The comparison between the affinities of CPZ for both

membranes is more easily done after deconvolution of the
observed partition coefficient into the electrostatic and
hydrophobic contributions. This may be done through the
computation of the intrinsic partition coefficient (KP), via eqs 4
and 5, and will be performed in the next section together with
the results obtained for the additional membrane composition
studied (POPC:Chol:POPS 6:3:1).

Effect of Lipid Composition in the Interaction of CPZ
with Lipid Bilayers. The parameters obtained for the
interaction of CPZ with all membranes studied are summarized
in Table 2. The best fit of the simple model (eqs 1−3) provides
the observed partition coefficient, KP

obs, and enthalpy variation
allowing the comparison between the different membranes in
terms of the effective amount of CPZ that associates with them
at the experimental conditions used (lipid:CPZ_L ≥ 25 at the
first titration step). In this model, the interaction is interpreted
globally, without distinction between the contributions from
hydrophobic and electrostatic interactions. To compare
charged and neutral membranes, it is preferable to separate
the two types of interactions, and this may be done through
the calculation of the intrinsic partition coefficient, KP, where
the electrostatic interactions have been taken into account
explicitly using the Gouy−Chapman theory (eqs 4 and 5). It is
not possible to consider partial translocation (according to the
model developed in this work) and correction for electrostatic
effects due to the different values of the effective partition
coefficient and rate of translocation that would be required for
the inner and outer leaflet. The required model to account for
this situation is too complex, and with too many unknown
variables, to be of practical utility. For all membranes and
temperatures studied, the approximation of slow translocation
was always closer to the observed behavior, and therefore the
parameters shown in Table 2 after correction for the
electrostatic effects have all been calculated assuming γ = 0.5.
The comparison of the partition coefficient obtained from

the two models for CPZ interaction with the zwitterionic
POPC membrane indicates that even with the small
concentrations of CPZ used (5−15 μM), the charge imposed
by CPZ in the membrane is still significant. The POPC:CPZ_L
ratios varied from ∼30 to over 100 at the end of the titration
being typically around 50 at 50% ligand titrated. At this local
concentration of CPZ, the calculated surface potential is 9 mV,
originating a reduction in the observed partition coefficient of
nearly 20%, according to eq 4.
The electrostatic contributions in the case of membranes

containing POPS are of two types: (i) electrostatic attraction
between the negatively charged membrane and the cationic
CPZ, and (ii) change in the membrane charge due to the
presence of CPZ. The two effects have been taken into account
in the model by using both CPZ and POPS charges in eq 5. In
the absence of CPZ, the calculated surface potential of the
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membranes with 10% POPS is equal to −26 mV, and for the
typical ratios at 50% titration the surface potential is reduced to
−21 mV, both conditions leading to an attractive electrostatic
interaction between CPZ and the membrane surface. The ζ
potentials of POPC:POPS 9:1 liposomes with and without
CPZ were also measured and were in qualitative agreement
with those calculated for the surface potential using the Gouy−
Chapman theory (see the Supporting Information). The
exclusion of this electrostatic interaction leads to a reduction
in the calculated intrinsic partition coefficient (KP) that is
smaller than the observed partition (KP

obs) for those negatively
charged membranes (Table 2).
The comparison of the intrinsic partition coefficients

obtained for POPC and POPC:POPS indicates that the
hydrophobic contribution to solvation of CPZ by the lipid
bilayer is smaller for the charged membrane. This may reflect
the more superficial location proposed for CPZ when
associated with negatively charged membranes.14

The introduction of cholesterol in the membrane leads to a
reduction in both the partition coefficient and the interaction
enthalpy. In fact, the characterization of CPZ partition to
POPC:Chol 7:3 membranes by ITC was attempted, but the
heat change involved was too small. This is in agreement with
the results obtained for the interaction of other ligands with
POPC:Chol membranes72,73 and highlights the poor solvation
properties of those ordered membranes. The addition of POPS
to the bilayer increases the heat change involved in the
interaction, due to the electrostatic interaction between CPZ
and the negatively charged membrane, and allows its
characterization by ITC. The comparison between the results
obtained with POPC:POPS and POPC:Chol:POPS indicates a
decrease in the partition coefficient to nearly one-half due to
the addition of cholesterol. This result is in excellent agreement
with published results for the effect of 30% cholesterol in
EggPC membranes.26 The temperature variation of the
interaction enthalpy with membranes containing 10% POPS
and 30% cholesterol is even more accentuated than that
observed for POPC:POPS 9:1. This result reinforces the
interpretation that, at low temperatures, POPS and POPC do
not mix well in the presence of CPZ and indicates that this
effect is accentuated by the presence of cholesterol in the
membrane.

■ CONCLUSIONS
In this work, we have developed methodology, which allows the
quantitative characterization of the translocation of ligands
through lipid bilayers using the ITC technique. This comple-
ments the available protocols for describing qualitatively this
process.31 The rate of translocation of CPZ through the
membranes in the liquid disorder phase has been measured:
3.9 × 10−4 and 6.6 × 10−4 s−1 for POPC and POPC:POPS 9:1,
respectively, at 25 °C and nearly twice as large at 37 °C.
Together with the partition coefficient measured, this allows
the calculation of the permeability coefficient, which is equal to
2.0 × 10−7 cm s−1 for POPC, 3.9 × 10−7 cm s−1 for
POPC:POPS 9:1, and smaller than 5.0 × 10−8 cm s−1 for
POPC:Chol:POPS 6:3:1 membranes at 37 °C. The values
obtained are similar to that reported for other hydrophobic
cations68 and to that observed in vitro for permeation through
MDCK cell monolayers.69 Local concentrations of CPZ in the
POPC membrane above 10 mol % lead to an increase in
the rate of CPZ translocation, which may be explained by the
increased lipid scrambling15−17 and may be of relevance to the

observed suppression of multi drug resistance22−24 by high
CPZ concentrations.
The introduction of negative charge in the membrane leads

only to a small increase in the observed partition coefficient
(1.3 × 104 and 1.5 × 104 for POPC and POPC:POPS 9:1,
respectively). This is due to the much smaller entropy variation
observed for partition to the negatively charged membrane that
almost counterbalance the more favorable enthalpy variation
due to the electrostatic interaction between CPZ and the
membrane. This and other unexpected observations and results
obtained for the membranes containing POPS suggest that
CPZ may be inducing some changes in the phase behavior of
the membranes, eventually leading to POPS clustering or phase
separation, even at the low local concentrations used in this
work.
The addition of cholesterol to the POPC bilayer reduces the

affinity of CPZ to the membrane, which becomes essentially
driven by entropy and therefore inaccessible by ITC. The
addition of POPS to the membrane increases the interaction
enthalpy and allowed the characterization of the partition of
CPZ to POPC:Chol:POPS 6:3:1 membranes. The partition
coefficient obtained was reduced by 50% due to the presence of
cholesterol and the consequent ordering of the lipid bilayer.
The translocation of CPZ through those membranes was too
slow to be measured using the available methodology, and only
an upper limit may be established, kf ≤ 4 × 10−4 s−1.
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