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a  b  s  t  r  a  c  t

Temperature  dependence  of the  zeta  potential  (ZP)  is proposed  as a tool  to  analyze  the  thermotropic
behavior  of  unilamellar  liposomes  prepared  from  binary  mixtures  of  phosphatidylcholines  in  the  absence
or presence  of ions  in aqueous  suspensions.  Since  the  lipid  phase  transition  influences  the  surface  poten-
tial  of the  liposome  reflecting  a sharp  change  in the  ZP  during  the transition,  it  is  proposed  as  a  screening
method  for  transition  temperatures  in complex  systems,  given  its  high  sensitivity  and  small  amount  of
sample  required,  that  is,  70%  less  than  that  required  in the  use  of  conventional  calorimeters.  The  sensitivity
is  also  reflected  in  the  pre-transition  detection  in  the  presence  of  ions.  Plots  of  phase  boundaries  for  these
mixed-lipid  vesicles  were  constructed  by  plotting  the  delimiting  temperatures  of both  main  phase  tran-
sition  and pre-transition  vs. the  lipid  composition  of the  vesicle.  Differential  scanning  calorimetry  (DSC)
studies,  although  subject  to uncertainties  in  interpretation  due  to  broad  bands  in  lipid  mixtures,  allowed
the  validation  of  the  temperature  dependence  of  the  ZP method  for determining  the  phase  transition  and
pre-transition  temperatures.  The  system  chosen  was dipalmitoylphosphatidylcholine/dimyristoyl  phos-
phatidylcholine  (DMPC/DPPC),  the most  common  combination  in  biological  membranes.  This  work  may
be  considered  as  a  starting  point  for  further  research  into  more  complex  lipid  mixtures  with  functional
biological  importance.

© 2016  Elsevier  B.V.  All  rights  reserved.

1. Introduction

Liposomes are bilayer microstructures composed of natural or
synthetic lipids [1] whose polar head group and long hydrophobic
tail form an amphipathic environment. Lipid membranes, which
are the structural basis of biological membranes, can serve as an
appropriate model for many biophysical studies [2]. During the last
decades, the approach to overcome the complexity of biological
membranes relies in the use simplified biomimetic models con-
sisting primarily binary lipid mixtures or ternary [3,4].

It is still disputed that the partially exotic phases occurring
in synthetic lipid mixtures, such as tilted gel phases have any
relevance for native membranes consisting of tenth, hundreds com-
ponents. About the interest in lipid phase studies, lateral phase
separation in biological membranes could be functionally impor-
tant [5]. Lipid rafts or ordered lipid domains may  play a role in the
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localization, transport, and function of different proteins. In spite
of the relevance of lipid-protein interactions, the phase behavior
of the lipid components of the cell membrane is believed to be of
great importance in the efforts to find out some the principles that
underlie the membrane function [6]. The characterization of phase
boundaries has been conducted for mixed lipid dispersions using
various techniques such as differential scanning calorimetry (DSC)
[7], nuclear magnetic resonance (NMR), [8] X-ray scattering [9] Flu-
orescence Microscopy [10] Laser Ultrasound [11] and ultrasonic
velocimetry [12]. Pre-transition temperatures of lipid mixtures are
usually determined with relatively large uncertainty especially due
to the typical broad peaks, for instance, in DSC. Aqueous dispersions
of polar lipids are known to form a large variety of phases depend-
ing on the chemical structure, temperature, and dispersing media.
Their phase behavior is dominated by the main (order-disorder)
phase transition associated with the melting of the lipid hydro-
carbon chains. At temperatures above the main transition, lipids
arrange in liquid crystalline structures. Below the main transition
there is a multitude of different possible phases, a basic equilibrium
structure is the subgel (crystalline) Lc phase. In addition, a large
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Fig. 1. Zeta potential as a function of T for XDPPC = 0.2 mixture prepared and dispersed in water, KCl and KClO4. In all cases, the standard deviation was  lower than 10%, not
shown  for better viewing. Reported data were averaged over four different batches of liposomes.

number of intermediate stable, metastable, and transient lamellar
gel structures are adopted by different lipids—with perpendicular
or tilted chains with respect to the bilayer plane, with interdigi-
tated, partially interdigitated, or non-interdigitated chains, rippled
bilayers with various ripple periods, etc. Even so, the number of
reported phases continues to grow. The formation of a subgel phase
usually requires a prolonged low-temperature equilibration. The
lipid polymorphism at low temperatures still appears to be far from
clear [13].

Furthermore, liposomes pack concentrically hydrophilic and
lipophilic portions thus rendering an internal vacuole which can
serve as a storage compartment for an active agent. The rate lim-
iting step in the use of this versatile system, for example for drug
delivery, is the physical and chemical stability of liposomes [14].
Regarding stability, the surface charge of the aggregate is very
important. This is also a factor to consider that influences the inter-
action of the liposome with a substrate.

In a previous work from our research group [15] it was shown
that the surface charge of the liposome mainly depends on the
kind of lipid and conditions such as temperature, phase state of
the liposome and the presence or absence of ions in the medium.

Membrane properties such as surface potential, the dipole
potential [16], structure and mechanical strength [17–19] are
closely associated with ions present within the cell and its envi-
ronment. Therefore, the study of the interactions of ions with the
lipid bilayer is of considerable interest [20].

Temperature dependent Zeta Potential Studies are proposed in
this work to analyze the thermotropic behavior of mixtures of syn-
thetic phospholipids in unilamellar aqueous suspensions in the
presence or absence of ions. Since the lipid phase transition influ-
ences the surface potential of the liposome reflecting a sharp ZP
change during the phase transition [21], we propose this tech-
nique as a screening method for transition temperatures in complex

systems, given its high sensitivity and small amount of sample
required, that is, 70% less than that required in the use of con-
ventional calorimeters. With data intervals transition temperatures
obtained from zeta potential it was  possible to construct plots
of phase boundaries of the DPPC-DMPC mixture, similar to that
obtained by calorimetric studies in literature [22–24]. The pro-
posed use of ZP studies relies on the importance of continuous
and gradual stabilization of the sample temperature, which ensures
thermal equilibrium and thermodynamic study lipid mixture. The
immediate consequence is to allow the system its conformational
organization at a given temperature. This is particularly relevant in
the transition zone where the system experiences continuous and
large organizational changes in small temperature ranges. Based
on the above mentioned, it is affirmed that the proposed technique
allows to obtain accurate information about the phase transition of
the system.

Despite the vast variety of lipid mixtures [25], this paper focuses
on phospholipids, the most abundant structural elements present
within cell membranes. In order to validate this approach, a kind of
mixture of phospholipids was chosen, for which the phase behav-
ior has already been studied experimentally [22,23,26–29] and
computer simulations have been performed [23,27–29]. The cho-
sen system is a binary mixture of saturated phospholipids with
the same polar head and different length of the alkyl chain, such
as 1,2-dimyristoyl-sn-glycero- 3-phosphocholine (DMPC, chain
length n = 14, temperature Tm melting: 24◦ C) mixed with 1,2-
dipalmitoyl-snglycero-3-phosphocholine (DPPC, n = 16, Tm:  41 ◦C).
The mixture is an isomorphic system, both of its lipids components
are miscible in both crystalline and liquid crystalline solid [23,30].

This work maybe considered as a starting point for further
research into more complex lipid mixtures with functional biolog-
ical importance.

Fig. 2. Zeta potential as a function of T for XDPPC = 0.5 mixture prepared and dispersed in water, KCl and KClO4. In all cases, the standard deviation was  lower than 10%, not
shown  for better viewing. Reported data were averaged over four different batches of liposomes.
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