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Hexadecylphosphocholine (HePC, miltefosine) is an alkylphospholipid used clinically for the topical treatment of
cancer and against leishmaniasis. The mechanism of action of HePC, not yet elucidated, involves its insertion into
the plasma membrane, affecting lipid homeostasis. It has also been proposed that HePC directly affects lipid raft
stability and function in cell membranes. The present work deals with two main questions in the understanding
of the action of HePC: the bases for membrane selectivity and as a membrane perturbator agent. We explored the
interaction of HePC with lipid monolayers and bilayer vesicles, combining monolayer penetration experiments,
Brewster angle microscopy and differential scanning calorimetry. Several membrane compositions were tested
to explore different rheological conditions, phase states and lateral structures. Additionally, the kinetics between
the soluble and the membrane form of HePC was explored. Our results showed an increase in elasticity induced
by HePC incorporation in all the membranes studied. Differential incorporation was found for membranes in dif-
ferent phase states, supporting a preferential partitioning and a higher dynamic kinetics of HePC incorporation
into fluid membranes in comparison with condensed or liquid-ordered ones. This effect resulted in phase equi-
librium displacement in phospholipids and membranes containing liquid-ordered domains. The presence of cho-
lesterol or ergosterol induced a fast incorporation and slow desorption of HePC from sterol-containing
monolayers, favoring a long residence period within the membrane. This contributes to a better understanding
of the HePC regulation of membrane-mediated events and lipid homeostasis.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Alkylphospholipids (APL) are stable analogues of lisophosphatidylcholine
with antitumor activity [1]. Their mechanism of action involves insertion into
the plasma membrane [1,2], affecting the biosynthesis of cholesterol (CHO)

Abbreviations: APL, alkylphospholipids; HePC, Hexadecylphosphocholine; POPC, 1-palmitoyl-
2-oleoyl-sn-glycero-3-phosphocholine; DLPC, dilauroyl-sn-glycero-3-phosphocholine; DMPC, 1,2-
dimyristoyl-sn-glycero-3-phosphocholine; DPPC, 1,2-dipalmitoyl-sn-glycero-3-phosphocholine;
DSPC, 1,2-distearoyl-sn-glycero-3-phosphocholine; DMPS, 1,2-dimyristoyl-sn-glycero-3-phospho-
L-serine; CER24, N-lignoceroyl-p-erythro-sphingosine; PSM, N-palmitoyl-p-erythro-
sphingosylphosphorylcholine; ERG, ergosterol; CHO, cholesterol; CHO-S, cholesterol 3-
sulfate sodium salt; SCM, stratum corneum mimicking membrane; LLC, liquid-liquid
coexistence membranes; LA, lignoceric acid; LE, liquid-expanded phase; LC, liquid-
condensed phase; LO, liquid-ordered phase; S, solid phase; m, surface pressure; Cs~',
compressibility modulus; MMA, mean molecular area; BAM, Brewster angle microscopy;
Lp’, gel phase; L, liquid-crystalline phase; DSC, differential scanning calorimetry; Tm,
phase transition temperature; AHc, phase transition enthalpy; AS, phase transition
entropy; AT1/2, half width of the heat capacity peak; MLVs, multilamellar vesicles; LUVs,
large unilamellar vesicles; LDS, dynamic light scattering.
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and phospholipids and the signaling pathways in which different lipid second
messengers participate [3-5]. However, the detailed mode of action by which
APLs exert their effect is still under debate. Some authors have reported their
involvement in lipid raft stability, metabolism and apoptosis [2,5-7]. On the
other hand, even though some APLs exhibit hemolytic effects, lysis does not
appear to be their major mechanism of action [4,8]. This is supported by
the fact that their median effective dose is in the same order as the critical mi-
cellar concentration (CMIC) [4]. The monomeric form of the drug thus appears
to play the main pharmacological role.

Hexadecylphosphocholine (HePC, miltefosine) is an APL used clini-
cally for the topical treatment of skin metastases of cancer and cutane-
ous lymphoma as well as against the tropical disease, leishmaniasis [1,2,
9]. Liquid-ordered (LO) nanodomains enriched in sterols and
sphingolipids, named “lipid rafts” are proposed to exist in living cell
membranes and regulate important cell functions. Besides fundamental
differences, the existence of surface heterogeneity and liquid-liquid co-
existence is expected to follow similar physico-chemical rules in natural
membranes and model lipid membranes [10]. Several biophysical stud-
ies have aimed to clarify the action of HePC on sterol-containing lipid
membranes; however, its effect is still controversial. HePC shows
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thermodynamic stabilization and film condensation when forming
Langmuir films with CHO or ergosterol (ERG) [7,11-14], as has been
found for other phospholipids [15,16]. This suggests an active role of
HePC in stabilizing the LO phase, a hypothesis supported by dynamic
simulations [17]. However, the incorporation of HePC into bilayer mem-
branes shows no effect or induces destabilization of LO domains [7,18,
19].

In this work, we explore the interaction of HePC with lipid mono-
layers as well as with bilayer vesicles. Various membrane compositions
were tested, from pure phospholipid or sterol membranes to more com-
plex lipid mixtures. The canonical ternary mixture that exhibits liquid-
expanded (LE)/LO phase coexistence [20] was studied. Furthermore,
since the pharmacological action of HePC involves skin penetration, a
lipid mixture that mimics the lipid stratum corneum composition [21]
was also included.

Previous studies by our group have shown that the incorporation of
an amphiphilic drug into the membrane is closely regulated by its rhe-
ological properties [22]. When an amphiphilic molecule inserts into a
membrane, an in-plane compression causes a lateral displacement of
the other membrane components and, therefore, a lateral pressure op-
poses such incorporation. Thus, the ability of the membrane to respond
to an isometric compression/expansion process may condition the in-
sertion of a new molecule into the membrane. In the present work,
we explore this regulation factor of the action of HePC.

Our work shows mutual modulation of the extent and kinetics of
HePC insertion into the lipid membrane and the rheology, phase state
and lateral structure of the target membranes. The equilibrium between
the HePC present in different membrane structures was also explored.
Our results provide evidence that casts light on the membrane selectiv-
ity reported for HePC as well as on its regulation of LO domains stability
and membrane properties.

2. Materials and methods
2.1. Chemicals and reagents

Miltefosine or Hexadecylphosphocholine (HePC), 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphocholine (POPC), 1,2-dilauroyl-sn-glycero-3-
phosphocholine (DLPC), 1,2-dimyristoyl-sn-glycero-3-phosphocholine
(DMPC), 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-
distearoyl-sn-glycero-3-phosphocholine (DSPC), 1,2-dimyristoyl-sn-
glycero-3-phospho-L-serine (DMPS), N-lignoceroyl-p-erythro-sphingo-
sine (CER24), N-palmitoyl-p-erythro-sphingosylphosphorylcholine
(PSM), cholesterol (CHO) and ergosterol (ERG), were purchased from
Avanti Polar Lipids, Inc. (Alabama, U.S.A.). Lignoceric acid (LA) and choles-
terol-3-sulfate sodium salt (CHO-S) were provided by SIGMA-ALDRICH,
Co (St. Louis, MO, U.S.A.). All other reagents were of analytical grade
(99% pure) and used without further purification. The water was purified
by a Milli-Q (Millipore,Billerica, MA) system to yield a product with a sen-
sitivity of ~18.5 M(). The mixed monolayers used were: the anionic bina-
ry membrane containing DMPC:DMPS 70:30, membranes exhibiting
liquid-liquid coexistence (LLC) composed of DLPC:PSM:CHO 33:33:34,
and the stratum corneum mimicking membrane (SCM) composed of
CER24/LA/CHO033:33:33 with the addition of 5% w/w CHO-S.

2.2. Monolayer experiments

Monomolecular lipid films were obtained as reported previously
[22]. The Langmuir Isotherms, penetration and surface titration experi-
ments were performed as described in Supporting Information.

Surface elasticity upon compression was assessed by means of the
compressibility modulus (Cs~—!), which was calculated from the iso-
therm data as [23]:

-1 om
Cs™' = _MMA<—6MMA>T (S1)

where (1) stands for the surface pressure and (MMA) for the mean mo-
lecular area. The monolayers were observed while compressed, by
Brewster Angle Microscopy (BAM) as described in Supporting
Information.

2.3. Preparation and analysis of multilamellar vesicles

Lipid suspensions of DPPC or DPPC + HePC were prepared by hydra-
tion of a lipid film deposited on the wall of a glass test tube by solvent
evaporation under an N, stream of a chloroform solution of lipids. This
process leads predominantly to the formation of multilamellar vesicles
(MLVs), as described before [24,25]. The lipids were hydrated with a
buffer solution containing Tris-Base 10 mM, NaCl 120 mM and EDTA
0.1 mM (pH 7.4), applying vigorous mixing, and then subjected to ten
freezing-thawing cycles (— 195 °C and 50 °C, respectively). The final
DPPC concentration was 2 mM, at which 0.2 mM (9 mol%) or 0.4 mM
(16 mol%) of HePC were added. The effect of HePC on the size-distribu-
tion of the lipid suspension was studied by dynamic light scattering
(DLS; Submicron Particle Sizer, NicompTM 380, Santa Barbara,
California,USA) and analyzed in the nanometer range.

2.4. Differential scanning calorimetry (DSC) measurements

DPPC and DPPC + HePC lipid suspensions were also analyzed by
DSC. The samples were subjected to a 15 min degasifying treatment be-
fore loading into a Microcal VP-DSC Scanning Calorimeter (Microcal,
Northampton, MA, USA). The appropriate buffer was used in the refer-
ence cell. Thermograms were recorded over a temperature range from
20 to 60 °C, at a heating rate of 30 °C/h and analyzed with Microcal Or-
igin 5.0 software (Microcal, Northampton, MA, USA) and Origin 8.0.
Baselines were created and subtracted and then the plots were normal-
ized according to the total lipid concentration. The deconvolution of
multiple peaks curves was achieved by using PeakFit v4.12 software
(SeaSolve Software Inc.).

The effects of HePC on DPPC vesicles were evaluated through differ-
ent parameters: enthalpy and entropy changes (AHc and AS) [26], tran-
sition temperature (T,) and half-width of the transition peak (ATy,).

2.5. Quantitative analysis of determination of soluble phosphorus

After the calorimetric runs, the lipid suspension was centrifuged at
13000g for 1 h at 4 °C in order to separate the MLVs from any
unilamellar or micellar aggregate present in the sample [24]. Then, the
supernatant samples were treated through the SEP-PAK C18 1 cm®
VAC Cartridge 50 mg (Waters) and were eluted consecutively with eth-
anol and chloroform, obtaining a water, an ethanol and a chloroform
fraction. Finally, each fraction was analyzed for phosphorus content
using the method described by Bartlett et al. [27].

3. Results and discussion

3.1. Incorporation of HePC into monolayers with different rheology and
phase states

In this work, we explored the interaction of HePC with lipid mono-
layers of different rheological characteristics combining penetration
and superficial titration experiments. To study the incorporation of
HePC into membranes, we used lipid monolayers on air/saline solution
interfaces as model membranes. The monolayers composed of pure
lipids were previously characterized as being in the phase states:
POPC, liquid-expanded (LE); PSM and DPPC, liquid-condensed (LC);
DSPC, solid (S) and CHO and ERG, liquid-ordered (LO) [22,28-33]. The
last sterol was included since it is enriched in the plasma membrane
of the Leishmania cells, an important HePC target. We also studied the
binary mixtures of DMPC:DMPS (70:30), which contain a similar pro-
portion of anionic lipids as most cell membranes and ternary mixtures
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(DLPC:PSM:CHO, 33:33:34) that constitute the canonical membrane
that exhibit liquid-liquid (LO-LE) coexistence (named liquid-liquid co-
existence membranes or LLC) [20]. Furthermore, a quaternary mixture
that mimics the uppermost layer of the skin, the stratum corneum
(SCM) (CER24/LA/CHO, 33:33:33 with addition of 5% w/w CHO-S) [21,
22], was studied, since this lipid-based structure represents an impor-
tant barrier for HePC action in cutaneous Leishmaniasis.

The assignation of a phase state to a lipid monolayer is based on its
elastic response to dilatational stress (i.e., the compressibility modulus,
Cs~!, see Fig. 1A) and the shear viscosity properties by comparing the
bidimensional diffusion of latex beads in the monolayer plane [22]. A
low Cs™ ! value indicates that the lipid film is easily compressible, a typ-
ical behavior of LE monolayers [23]. LO, LC, and S monolayers show
higher Cs™' (see Fig. 1A) but with different diffusional properties: the
components of LO membranes have as high a lateral diffusion dynamic
as in an LE phase [32], while lipids in the LC phase diffuse more slowly
and the domains show rounded borders. In contrast, lipids in the S
phase have a severely restricted lateral dynamic and the S domains
show irregular borders [22].

When HePC is added to a saline solution it aggregates into micellar
structures above the CMC. Early studies reported values of CMC of 2-
2.5 uM for HePC in 150 mM Nacl solution [13]. However, a recent de-
tailed study shows that HePC aggregates in a salt dependent manner
with a CMC of 40 + 20 pM at the same salt concentration used in our
studies, depending on the method employed [34]. On the other hand,
a median effective dose of 2.5 to 6.5 uM was reported for HePC [4]. For
our monolayer studies we choose a final concentration of 13 uM,
which falls into the CMC range reported but above HePC median effec-
tive dose concentration. HePC spontaneously adsorbs into the air/water
interface inducing a fall in its surface tension of (or an increase in surface
pressure) of 30-34 mN/m at equilibrium [13,34]. However, when a lipid
monolayer is previously placed at the interface, HePC can penetrate the
membrane up to higher surface pressures (m) (Fig. 1B).

Fig. 1A shows that HePC can penetrate lipid films that initially are at
30 mN/m, a  close to that estimated for lipid bilayers [35]. HePC alters
the film properties when incorporated into the membrane, as is evident
by comparison of the Cs~! parameter of the films before and after the
penetration process reached equilibrium. Our results show that the
drug decreased Cs~! values, indicating that HePC has the ability to con-
vert the films into more compressible monolayers in all cases. This de-
crease was approximately of 50% in all membranes studied, with the
exception of the DMPC:DMPS and SCM films. Those anionic monolayers
exhibited a greater resistance to compression (Cs~ ! decrease only 30-
35%), probably due to in-plane electrostatic repulsion given by a high
density of negative charges. As will be discussed below, this effect also
explains a scarcer insertion of HePC into negatively charged mem-
branes. This decrease of Cs~ ! induced by HePC agrees with previous re-
ports supporting an increase of cell membrane fluidity after HePC
incorporation [18,34,36].

From these experiments, we determined values of  achieved after
the insertion of HePC into the monolayers. We found that the drug is
able to increase the m in 10-23 mN/m of lipid monolayers initially at
30 mN/m. The higher effect was obtained for membranes with LC char-
acter (PSM and SCM), whose increase in 1t reaches double that observed
in the rest of the membranes. Our results show that the increase in
roughly follows the order LC > LO > LE > S (Fig. 1B). The m increase of
~14 mN/m for HePC insertion into POPC and ERG monolayers agrees
with previously reported values of 12 mN/m [13], and thus from this
data we may infer that a similar incorporation extent occurs for both
monolayers (which is not the case, as discussed below).

A similar study was performed previously by our laboratory for a dif-
ferent drug family but with comparable amphiphilic character. We
found that the increase in 1 does not directly correlate with a higher in-
corporation of the drug [22]. Thus, the observable m increase is a conse-
quence of at least two factors, (i) the amount of drug incorporated into
the lipid film and (ii) the sensitivity of the lipid film to the drug

incorporation, which is the mechanical properties of the hosting film.
Therefore, we further tested the HePC uptake capacity of lipid mono-
layers at 30 mN/m by means of surface titration experiments.

Fig. 1B shows the HePC molar fraction necessary to achieve 50% sat-
uration 1 (xsg) by the surface titration test. Our results clearly show that
alarge increase in 1 is not necessarily indicative of greater incorporation
of the drug into the monolayers. The membranes with LE character
showed a smaller m increase than LC membranes, but they reached
the greater incorporation reflected in high values of xsq (0.18-0.28).
The membrane with S phase state showed the smallest increase in
and a poor insertion of HePC. On the other hand, the membranes
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Fig. 1. Insertions of HePC into monolayers with different rheological character at 30 mN/m.
A) Comparison of the mean values of compressibility modulus (Cs ') of monolayers in the
absence (black bars) and after equilibration with HePC in the subphase (gray bars). B)
increase after the insertion of HePC into the acceptor monolayers and equilibration
(blue bars). The plot also shows the molar fraction of HePC necessary to achieve 50%
saturation 1 (xsg) by the surface titration test. C) Kinetic parameters of the insertion of
HePC into the acceptor monolayers: adsorption and desorption kinetics were calculated
by fitting a hyperbolic function of the time course of HePC penetration and the
relaxation after surface saturation, respectively. tso represents the time for reaching 50%
of the adsorption or desorption process. The asterisks indicate values of tso > 1200 s. The
letters refer to the phase state of the films: liquid-expanded (LE), liquid-condensed (LC),
solid (S) and liquid-ordered (LO). Error bars in all graphics correspond to the Standard
Error of the Mean (SEM) of triplicate experiments.
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containing sterols showed an intermediate behavior with little incorpo-
ration of the drug.

A close inspection of Fig. 1A and B highlights an inverse correlation
between drug incorporation (xsg) and the Cs~! values of the lipid
films (before HePC treatment). This effect reflects the importance of
the compressibility properties of the membrane in the insertion process,
as has been found before for other amphiphilic drugs [22]. Also, the
presence of a negatively charged membrane appears as an inhibitor fac-
tor for HePC incorporation. This can be explained as the result of an elec-
trostatic repulsion that opposes lateral compression of the anionic
molecules by the incoming drug molecule. We also calculated the
mole fraction of the HePC at equilibrium pressure, assuming ideal
mixing behavior for the drug/lipid system as describe in ref. [22] and ob-
tained results with a similar trend to those obtained for xsq for the dif-
ferent monolayers (data not shown).

Several studies have explored the surface interaction between HePC
and sterols in comparison with the HePC-phospholipid interaction by
using Langmuir films [11-14]. Those studies did not explore the inser-
tion of HePC from the aqueous subphase but forced the system to coex-
ist in the air/water interface during the experimental time. From those
works, a favorable interaction of HePC and sterols was observed,
based on the finding of a molecular area condensation effect and a fa-
vorable excess free energy of mixing. These strong attractive lateral in-
teractions between CHO and HePC were understood as the formation
of a surface complex, as a consequence of a complementary molecular
geometry of the interacting molecules: HePC possesses a conical
shape, which in combination with CHO, an inverted cone-shaped mole-
cule, ensures favorable packing of the mixed film [14].

We did not find that this favorable HePC-sterol lateral interaction in-
fluenced the incorporation of the HePC monomer (from the aqueous
subphase) into sterol-containing monolayers, in equilibrium conditions.
Therefore, we further explored whether the presence of sterols (and in
general the rheological properties of the membrane) alters the dynam-
ics of HePC insertion into the membranes. The kinetic parameters (tso)
shown in Fig. 1C were calculated from the time curves for HePC penetra-
tion (into lipid films) and desorption (from HePC saturated films).

The more fluid monolayers showed faster adsorption/desorption ki-
netics than condensed membranes (Fig. 1C). On the other hand, mono-
layers containing sterols allowed a relatively scarce but rapid insertion
and a very slow desorption (compare Fig. 1B and C). The slow desorp-
tion found may be related to the strong lateral interactions between
the CHO or ERG with HePC when coexisting in the membrane plane
[11-14]. The order of magnitude difference of almost two in the adsorp-
tion/desorption kinetic parameters implies that the HePC molecules in-
corporated into a sterol-rich membranes will remain kinetically trapped
in far-from-equilibrium conditions. Since all living systems occur in
such conditions, an effective higher incorporation of HePC in cell mem-
branes with a high content of sterols may be of importance in its phar-
macological effect. Matching our results a slow desorption of a close
related drug, edelfosine, from sterol-enriched compared with phospho-
lipid-enriched liposomes has been previously reported and this capacity
has been related with the haemolytic activity of the binary preparation
[37]. This was interpreted by the authors as a consequence of a comple-
mentary molecular shape that favors plane bilayers stability.

3.2. Preferential partitioning of HePC into heterogeneous membranes by
Brewster angle microscopy

The above results indicate that HePC has a higher insertion in mem-
branes with a LE character compared to sterol-containing membranes.
To further test this hypothesis, we extended this study to the effect of
HePC on heterogeneous membranes. The preferential partitioning of
the drug was evaluated on DPPC membranes with LE/LC phase coexis-
tence [38,39] and LLC membranes, which show LE/LO phase coexistence
[20], by Brewster angle microscopy (BAM). This technique enables the
microstructure of the films to be assessed. Since the gray level of BAM

images depends on both the refraction index of the film and the mono-
layer thickness [40], the LE phase appears as darker regions in the image
in comparison with the LC or LO domains, which show a thicker and/or
more compact nature.

Monolayers of pure DPPC exhibited LE-LC phase transition with
phase coexistence in the m range of (5-17) + 1 mN/m (Fig. 2A, B), as
has been previously reported [38]. LC domains nucleate and grow
above 5 mN/m, forming curved-branch domains. These typical shapes
respond to a chiral crystalline structure of DPPC molecules in the LC
phase [39,41]. The crystalline structure is evidenced by BAM imaging,
which reveals optical anisotropy due to a tilted arrangement of the or-
dered acyl chains of DPPC [42]. This effect is observed as a continuous
variation of the brightness level as one follows the long axis of the
branches (Fig. 2A). Above 17 mN/m, a near-uniform phase of LC charac-
ter was observed, which conserves the anisotropic organization (Fig.
2A). On the other hand, pure HePC Langmuir monolayers have been re-
ported to form LE films at all m until the collapse at ~35 mN/m [13,43], as
shown in Fig. 2B.

DPPC films containing 20 mol% of HePC showed an increase in the
span of the phase coexistence region, shifted to higher m (15 to 35 &+
1 mN/m), as can be seen from the BAM images and the compression iso-
therm (Fig. B, C). Concomitantly, the LC domains showed rounded
shapes but still keeping the optical anisotropy effect, as shown in Fig.
2C. This finding indicates the maintenance of a near-pure DPPC crystal-
line structure. A quantitative analysis of BAM images, such as those
shown in Fig. 2A and C, was performed at 15 mN/m, and revealed that
the LE phase increased from 4 4 1 to 96 & 1% as a consequence of the
presence of HePC (20 mol%). This evidences a thermodynamic stabiliza-
tion of the LE over the LC phase, which implies that HePC mixes prefer-
entially into the LE and scarcely into the coexisting LC phase, as has been
suggested from the surface titration results shown in Fig. 1B. Fig. 2B also
shows that the compression isotherm of the mixed Langmuir monolay-
er has intermediate characteristics in relation to the pure component
isotherms. However, at high m, the behavior closely resembles that of
pure DPPC, showing similar Cs~ ' values (not shown) and collapse T,
probably due to partial expulsion of the drug from the monolayer.

The LLC mixed film shows the coexistence of liquid phases, as can be
observed by the presence of rounded light gray domains (LO phase)
surrounded by a darker gray area (LE phase) in BAM images (Fig. 3A)
at  below the merging pressure (20 + 2 mN/m). The corresponding
compression isotherm shows a scarcely compressible film at high
(Fig. 3B), in accordance with an LO character [20].

In the presence of 20 mol% of HePC, it was observed that the merging
1t shifted to higher values (34 + 1 mN/m). Furthermore, HePC induced
the formation of nanodomains from very low m that coarsen into larger
domains near the merging 1 (Fig. 3C). This suggests that the presence of
the drug favors domain nucleation, probably altering the line tension
between the coexisting phases [10,44]. The corresponding compression
isotherms are shown in Fig. 3B. The LLC mixture with 20 mol% of HePC
showed an intermediate behavior compared to the control isotherms.

A quantitative analysis of the images in Fig. 3A and C at 15 mN/m re-
veals that the percentage of the area occupied by the LE phase increased
from 11 £ 1 to 49 £ 1% in the presence of the drug. In addition, we cal-
culated the levels of reflectivity of each coexisting phase from the image
gray level data [40] and found that the LE phase decreased ~28% its re-
flectivity in the presence of the drug, while the LO phase remained con-
stant. These results support the hypothesis that the HePC preferentially
partitions into the LE phase when in coexistence with an LO phase, in
agreement with our surface titration results. This correlates with previ-
ous studies made in lipid vesicles that report an LO/Lo partition coeffi-
cient of ~0.5 for a fluorescence analogue of HePC [18].

3.3. Interaction of HePC with phospholipid bilayers

In the previous section, we showed that HePC is able to shift lipid
phase transitions in lipid monolayers by partitioning preferentially
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Fig. 2. Visualization by Brewster Angle Microscopy of DPPC under isothermal compression in the absence (A) and presence (C) of 20 mol% of HePC. The bright areas correspond to the LC
phase in equilibrium with the LE phase (darker areas). The images are representative of two independent experiments. T: 22 4 1 °C. B) Compression isotherms of Langmuir monolayers
composed of pure HePC (blue), pure DPPC (black) and DPPC + 20 mol% of HePC (red). The curves are representative experiments, varying <2 mN/m of their corresponding replicates.

into the more expanded phase. We further studied whether the same
effect occurs in a model bilayer membrane. Differential scanning calo-
rimetry (DSC) was used to investigate the thermotropic properties of
DPPC and DPPC-HePC acqueous suspensions. Fig. 4 shows the DSC en-
dothermic profile for pure DPPC and mixtures of DPPC + 9 and
16 mol% of HePC, which correspond to a final HePC concentration of
0.2 and 0.4 mM. Those values are far above the CMC measured for
HePC in the absence of lipid membranes [34]. However, the

15 mN/m

15 mN/m

20 mN/m 30 mN/m 32mN/m 35mN/m

organization of HePC in micellar structures might be strongly influenced
by the presence of DPPC MLVs, as demonstrated below.

DPPC suspensions show two endothermic peaks corresponding to
pre- (gel to L3’) and main (LB’ to Lot) transitions, in agreement with
the literature [45,46] (see Fig. 4A and Table 1). Pure HePC aqueous sus-
pensions did not give any peak in the thermograms (not shown). The
addition of HePC to DPPC suspensions caused the elimination of the
pretransition, as has been observed for other phospholipid-drug
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Fig. 3. Visualization by Brewster Angle Microscopy of LLC mixtures containing DLPC:PSM:CHO (1:1:1) under isothermal compression in the absence (A) and presence (C) of 20 mol% of
HePC. The bright areas correspond to the LO phase in equilibrium with the LE phase (darker areas). The images are representative of two independent experiments. Inset shows the BAM
image of the mixed monolayer at 10 mN/m at a larger magnification. T: 22 4 1 °C. B) Compression isotherm of Langmuir monolayers composed of pure HePC (blue); DLPC:PSM:CHO
(1:1:1), (black) and DLPC:SM:CHO (1:1:1) + 20 mol% of HePC (red). The curves are representative experiments, varying <2 mN/m from their corresponding replicates.
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Fig. 4. Representative DSC heating thermograms of DPPC-HePC aqueous suspensions. A)
Thermograms of pure DPPC (black) and mixtures of DPPC + 9 (pink) and 16 mol% (red)
of HePC. Deconvolution peaks and the corresponding thermograms of samples
containing DPPC + 9 (B) or16 (C) mol% of HePC. The heating rate was 30 °C/h. The
arrow in (A) indicates the DPPC pretransition.

systems [45]. We also observed a shift of the main transition to lower
temperatures, quantified as a lowering by 1.3 °C of Tm. Additionally,
the broadening of the calorimetric peak, evidenced by an increase in

Table 1

the half width of the peak (AT;,,) [26], indicated loss of cooperativity
in the process (Fig. 4A and Table 1).

A deconvolution analysis of the main transition peak of DPPC-HePC
system was performed by the application of a non-two state transition
model. Fig. 4B shows that the presence of 9 mol% of HePC induces the
main transition peak to appear as composed of three components. The
third peak appeared around 41 °C and would correspond to that of
near-pure DPPC. When 16 mol% HePC was present in the sample,
three peaks were also calculated to contribute to the thermogram (Fig.
4C). The different peaks contribute in different proportions to the com-
plete calorimetric transition. It can be observed that the peak with the
largest contribution shifts to lower temperatures as the HePC concen-
tration increases (Fig. 4). Furthermore, the lack of a peak near 41 °C in
the 16 mol% of HePC sample suggests saturation of the lipid membrane
in the 9-16 mol% concentration range.

Table 1 shows a strong increase in the transition enthalpy (AHc)
upon the addition of HePC. This increase in AHc evidences a more favor-
able van der Waals interaction between the long-chained DPPC and the
hydrophobic part of HePC in the gel phase bilayer core [47]. A greater
than two-fold increase was also obtained for the transition entropy
(AS) in the presence of HePC, which may be explained as a better
mixing of HePC into the fluid phase. This, along with a decrease in Ty,
reflects a thermodynamically more favorable transition to the Lo
phase in the presence of HePC than for pure DPPC, and supports a pref-
erential partitioning of HePC into fluid phases, as observed in the previ-
ous section.

Taking into account that HePC shows a relatively high CMC (in the
micromolar range) [13,34]| compared to phospholipids, which are typi-
cally in the nanomolar range [47], we explored the partition between
the water-soluble and membrane-bound form of the drug. We subject-
ed the DPPC-HePC water suspension used for DSC analysis to centrifu-
gation and physical separation of the soluble and membrane fractions.
The soluble fraction was further processed through reversed phase
(C18) chromatography and three fractions were obtained: aqueous,
ethanol and chloroform fractions. The quantitative analysis of phospho-
rus content in each chromatographic fraction is shown in Table 2.

Pure DPPC suspension showed <3% recovery in the soluble fractions,
indicating that 97% of the phospholipids precipitated during the centri-
fugation process, as reported before [24]. We also analyzed HePC aque-
ous suspension, from which about 88% of the total drug was recovered
in the soluble fractions (Table 2). It is worth noting that, from the recov-
ered HePC molecules, 95% eluted in the ethanol fraction. Therefore,
when analyzing mixed DPPC-HePC samples, we can fairly assume that
the phosphorus contributed from HePC molecules mainly elutes in the
ethanol fraction, while the phosphorus coming from the more hydro-
phobic DPPC molecules was recovered mainly in the chloroform
fraction.

In samples containing 9 mol% of HePC, only 16% of the total drug was
recovered in the soluble fractions, indicating that the rest was present in
the membrane fraction. This, in turn, represents an enrichment of
~8 mol% of the drug in the DPPC membranes, organized as MLVs [25].
For samples containing 16 mol% of HePC, a larger amount of drug was
recovered in the soluble fraction (Table 2). In this case, the membrane
fraction retained an amount of drug that represents only 10 mol% of
the membrane components.

These results suggest that, at the highest drug concentration ex-
plored, the system was close to drug saturation. This finding roughly

Thermodynamic parameters from the analysis of DSC data of DPPC in the absence or presence of 9 or 16 mol% of HePC.

Sample Pre-transition Main transition

Tm (°C) AHc (kcal/mol) Tm (°C) AT12 (°C) AHc (kcal/mol) AS (kcal/mol.K)
DPPC 33.6 +0.1 21+02 413 4+ 0.1 0.46 + 0.03 8.6 + 0.1 0.027 £ 0.001
DPPC + 9 mol% HePC 40.1 +£ 0.1 1.79 + 0.06 20.7 +£ 0.8 0.066 + 0.002
DPPC + 16 mol% HePC 40.03 4 0.05 0.65 £+ 0.03 17+2 0.06 + 0.01
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Table 2
Quantification of phospholipids in reversed phase chromatography elution fractions.

Samples % of recovery of the % of recovery of % of recovery of the
ethanol fraction® chloroform aqueous fraction®
fraction®
DPPC 0.5+ 0.1 1.7 £ 0.1 03+ 0.1
HePC 84 +2 341 0.6 +0.3
DPPC + HePC9 1642 33+£02 1.8+07
mol%
DPPC + HePC 16 46.6 4 0.7 9+2 3+1
mol%

2 The error corresponds to the SEM of duplicated samples.

agrees with a half-saturation (xsp) of 12 mol% in DPPC monolayers, as
obtained by surface titration experiments (Fig. 1B).

Table 2 also shows a considerable increase in the chloroform fraction
for samples containing 16 mol% of HePC, suggesting that ~9 mol% of the
DPPC molecules were present in smaller structures that did not precip-
itate under centrifugation treatment. We further analyzed the effect of
HePC on the size particle distribution of the lipid suspensions in the
nanometric range by dynamic light scattering (DLS).

DPPC suspension showed the presence of large particles (>800 nm,
Fig. 5), corresponding to MLVSs, as expected. Micrometric size structures
are probably present but not analyzed in the present work. On the other
hand, pure HePC samples presented a population of small particles (10-
20 nm), which correspond to micelles and a different population in the
50-100 nm range that may include cylindrical micelles or small vesicles.
In the presence of 9 mol% of HePC, the smallest size population becomes
less important and a new population appears at ~300 nm. A further in-
crease in HePC content resulted in a single population in the nanometer
range centered at 100 nm. This, along with an increased amount of
phosphorus present in the chloroform fraction for this sample, indicated
that the drug induces restructuring of part of the DPPC molecules into
intermediate sized particles, which may correspond to unilamellar ves-
icles, whist HePC micelles were no longer present. Our results correlates
with reports where a fluorescent analogue of HePC at low concentration
induces disorder in DPPC liposomes while at concentration above
10 mol% promoters large changes in the bilayers including loss of integ-
rity and the formation of structures containing lipids, drug and the fluo-
rescent probe [34].
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Fig. 5. Analysis of the size distribution by DLS of DPPC and DPPC-HePC suspensions in the
nanometer range. The samples were hydrated suspension of HePC 0.4 mM (blue), DPPC
2 mM (red), and DPPC containing 9 mol% (pink) and 16 mol% of HePC (black). The data
corresponds to the average value from two independent experiments, the bars
corresponding to the SEM.

4. Conclusions

The present work deals with two important questions, HePC mem-
brane selectivity and its action as a membrane perturbator agent. Sever-
al APLs are known to have selectivity for cancer cells over normal cells,
even showing different sensitivities among various tumor cells [1,2].
Furthermore, HePC has different selectivity against different Leishmania
species [7,48,49]. Our monolayer study strongly suggests that these dif-
ferent sensitivities may be related to differences in the rheological prop-
erties of the cell membranes. Expanded membranes, such as those
composed of unsaturated phospholipids, had a larger uptake of HePC
than condensed membranes and also than sterol-containing mem-
branes. This matches reports of an enhanced accumulation of saturated
phospholipids and CHO in HePC-resistant Leishmania Promastigotes
[48].

On the other hand, those LE membranes also showed a faster ad-
sorption/desorption dynamic, while condensed monolayers show a
slower dynamic. Additionally, sterol-containing membranes show an
unexpected combination of a rapid membrane adsorption and an al-
most irreversible uptake (in the experimental time scale). In this regard,
LO membranes may favor a longer residence time for HePC molecules
under far-from equilibrium conditions, such as those in living cells.

Cell membranes are conceived to be mostly in the liquid-crystalline
(La) phase [47], a state closely related to the LE phase in monolayers.
However, an enrichment in CHO or ERG might favor the occurrence of
lipid rafts: nano-size LO domains proposed to be involved in a large
number of cellular functions [10,50]. A high content of CHO or ERG in
plasma membranes can act as a drug attractor center in non-equilibri-
um processes. This opens up a different dimension in the understanding
of the effect of sterol content on the mode of action of HePC.

There is solid data that a favorable HePC-sterol interaction is seen
when laterally coexisting in a membrane arrangement [7,11-14]. Even
though this appears to contradict the low uptake data found in the pres-
ent work, this effect can explain the finding of a very slow desorption of
HePC from a sterol-containing membrane. This stabilization effect may
also be responsible for the inhibition of CHO transport from the plasma
membrane to the endoplasmic reticulum by HePC found in cell cultures
[5]. On the other hand, the insertion of a monomeric HePC molecule
from aqueous media into the sterol-enriched membrane (adsorption
process) appears as a fast event but with a relatively impaired extent.
This process implies the lateral compression/displacement of the other
membrane molecules to place a new HePC one. Thus, the rheological
properties of the membrane became relevant [22].

Previous studies with a different amphiphilic drug family evidenced
an inverse correlation between the Cs~ ! of lipid films and their capacity
of drug incorporation [22]. This effect may be understood since, in films
with high Cs~!, a small lateral compression induced by the incoming
drug molecule is responded to with a high increase in lateral surface
pressure. This, in turns acts as a counteracting force against drug incor-
poration. A clear inverse correlation of Cs~! vs. drug incorporation is
also found in the present work.

CHO-enriched films show high Cs~! without resigning the fluidity
of the membrane [22]. In this way, CHO provides the necessary charac-
ter to fulfil its acknowledged evolutionary function: to reduce perme-
ability while keeping high membrane fluidity [51]. This function may
be extended to minimize the insertion of amphiphilic external agents,
such as HePC. The CHO-containing membrane that mimics the stratum
corneum (SCM) combines the low permeability given by a high sterol
content with a LC character [21,22]. This feature completes the picture
of this membrane of natural design as an effective barrier to the entry
of external substances to the organism, corroborated by our results.

Regarding the bases of HePC as a membrane homeostasis
perturbator, our results provide solid evidence that HePC can modify
membrane quality. Both the rheology and the phase equilibrium of het-
erogeneous membranes were affected by the incorporation of HePC.
The reduction of the Cs~! found in all the membranes tested showed
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a consistent effect of HePC in providing a more easily compressible char-
acter to the membrane, which is related to the more fluid character
given by HePC previously reported in more complex model systems
[18,36].

On the other hand, the presence of HePC displaced the LE-LO
phase transition in LLC monolayers and LE-LC equilibrium in phos-
pholipid monolayers, favoring the occurrence of the LE phase. In
both cases, the effect evidenced a preferential partition of HePC for
the LE phase, matching our surface titration experiments. This agrees
with reports of a preferential partition in Lot over LO membranes for
a fluorescent analogue of HePC [18] and also with the finding that
HePC does not form LO domains in CHO-containing mixed bilayers
[19]. An actual depletion of CHO in cell membranes has been ob-
served after HePC treatment [52], which may be a consequence of
LO domain disruption. Thus, the regulation of raft domains by HePC
in the cellular environment may result in a complex interplay be-
tween a domain disrupting effect and an enhanced time of residence
of CHO and HePC in the plasma membrane.

The preferential partitioning of HePC in the LE phase of DPPC mono-
layers was also confirmed by using a bilayer model system. HePC was
able to shift the melting point of DPPC to lower temperatures character-
ized by a higher transition entropy. We also evidenced the equilibrium
of HePC integrated into nanometer-size drug-enriched structures vs.
into the DPPC enriched MLVs, matching previous fluorescence-based
studies [34]. The latter micrometer-size structures showed drug satura-
tion near 9 mol%, which is in accordance with therapeutic conditions
[18].

The regulation of membrane rheology and texture evidenced here
may be related to the HePC regulation of the homeostasis of CHO and
choline-containing lipids, previously reported [52,53]. If we further con-
sider that the phase state of lipid membranes is a proven factor that
modulates several phospholipase activity involved in signal transduc-
tion [54-56], it is easy to picture a complex regulatory activity of HePC
in lipid homeostasis.
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