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The influence of the lysozyme and serum albumin in their native and amyloid forms on the electrokinetic behavior of the negatively 
charged uni- and multilamellar liposomes from the zwitterionic lipid phosphatidylcholine and anionic lipid cardiolipin has been 
investigated using the microelectrophoresis technique. The zeta - potential, the surface electrostatic potential and surface charge 
density of the lipid vesicles have been determined upon varying the lipid-to-protein molar ratio. The complex dependencies of the 
electrophoretic mobility on the protein concentration and reversal of the surface charge observed for the multilamellar vesicles have 
been explained by the multilayer protein adsorption on the liposomal surface. It has been found that the native and fibrillar proteins 
differ in their ability to modify the charge state of the model membranes. 
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Методом микроэлектрофореза исследовано влияние нативной и амилодной форм лизоцима и сывороточного альбумина на 
электрокинетическое поведение моно- и мультиламеллярных липосом из цвиттерионного липида фосфатидилхолина и 
анионного липида кардиолипина. При варьировании молярного соотношения липид:белок были определены дзета – 
потенциал, поверхностный электростатический потенциал и поверхностная плотность заряда липидных везикул. Сложная 
зависимость электрофоретической подвижности от концентрации белка и изменение знака поверхностного заряда, 
выявленные для мультиламеллярных везикул, были объяснены мультислойной адсорбцией белков на поверхности липосом. 
Обнаружено, что нативная и фибриллярная формы белков различаются по их способности модифицировать зарядовое 
состояние модельных мембран. 
КЛЮЧЕВЫЕ СЛОВА: электрофоретическая подвижность, липидные везикулы, лизоцим, сывороточный альбумин,  
амилоидные фибриллы  
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Методом мікроелектрофорезу досліджено вплив нативної та амілоїдної форм лізоциму та сироваткового альбуміну на 
електрокінетичну поведінку моно- и мультиламелярних ліпосом із цвіттеріонного ліпіду фосфатидилхоліну та аніонного 
ліпіду кардіоліпіну. При варіюванні молярного співвідношення ліпід:білок було визначено дзета – потенціал, поверхневий 
електростатичний потенціал та поверхневу густину заряду ліпідних везикул. Складна залежність електрофоретичної 
рухливості від концентрації білка та зміна знаку поверхневого заряду, виявлені для мультиламелярних везикул, було 
пояснено мультишаровою адсорбцією білків на поверхні ліпосом. Встановлено, що нативна та фібрилярна форми білків 
відрізняються за їх здатністю модифікувати зарядовий стан модельних мембран. 
КЛЮЧОВІ СЛОВА: електрофоретична рухливість, ліпідні везикули, лізоцим, сироватковий альбумін, амілоїдні фібрили  

 
Electrostatic phenomena are known to play an essential role in determining the structural and functional properties 

of biological systems [1,2]. In particular, electrostatics controls a wide variety of processes occurring in cellular 
membranes, among which are non-specific and specific protein–lipid interactions, protein folding, translocation and 
orientation in the lipid bilayer [3-5], enzyme functioning , ion binding and transport, structural and phase transitions in 
the lipid phase [1], recognition events [6,7], pharmacological effects [8], etc. Biological membranes consist of hundreds 
of different molecular species including lipids, proteins and carbohydrates bearing numerous ionized groups which 
account for the net negative charge of the membrane surface [1]. An essential part of such groups belong to anionic 
lipids such as phosphatidylglycerol, cardiolipin, phosphatidylserine, phosphatidic acid and phosphatidylinositol, whose 
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fraction is typically less than 30% of the total membrane lipids [9]. These lipids are involved in specific interactions 
with protein sequences containing positively charged side amino acids, such as arginine, lysine or histidine. The 
interactions between oppositely charged groups of proteins and lipids is a fundamental biological phenomenon 
implicated in a range of important membrane-related processes, particularly, in selective binding of cationic cell-
penetrating, antimicrobial and viral peptides, toxins or ion channels [10-12] and protein aggregation associated with 
amyloid disorders including neurological diseases, type II diabetes, spongiform encephalophaties, rheumatoid arthritis, 
etc. [13-17]. These pathologies are provoked by misfolding of specific proteins and their self-assembly into highly 
ordered aggregates, amyloid fibrils [18,19]. Amyloid fibrils are self-assembled protein nanostructures distinguished by 
the core supramolecular β-sheets propagating along the main axis of the fibril with β-strands running perpendicularly to 
this axis. 

Accumulating evidence indicates that cell membranes represent a direct target for the toxic pre-fibrillar and 
fibrillar aggregates of misfolded proteins which cause membrane damage and subsequent cell death [20]. According to 
the current concepts, the cytotoxic potential of aggregated proteins may originate from the loss of membrane integrity 
[21], appearance of non-specific ion channels [22], uptake of lipids into the growing fiber [23], modifications of the 
intracellular redox status and free calcium level [24], and impaired functional activity of membrane proteins [20]. 
Obviously, an initial step of membrane damage involves the binding of protein aggregates with the surface of lipid 
bilayer. In many cases such binding is driven by electrostatic protein-lipid interactions and may lead to significant 
change of the membrane surface charge, thereby influencing a number of electrostatically-controlled membrane 
processes. In view of a high structural and compositional heterogeneity of biological membranes, a common approach 
to investigating the above processes is based on the use of the model systems containing isolated proteins in a certain 
conformational and aggregation state and lipid vesicles (liposomes) whose lipid components and physicochemical 
parameters can be varied in a wide range. 

In the present study we used the model protein-lipid systems containing as a protein component lysozyme or 
serum albumin in the native or fibrillar states and multilamellar lipid vesicles composed of zwitterionic lipid 
phosphatidylcholine and anionic lipid cardiolipin. Lysozyme is a well-characterized multifunctional cationic protein 
possessing bactericidal, antitumor and immunomodulatory properties. The mutants of human lysozyme (I56T, F57I, 
W64R, D67H) undergo pathological fibrillization implicated in etiology of familial nonneuropathic systemic 
amyloidosis, a disease affecting kidney, liver and spleen [25]. Serum albumin is an anionic protein that performs a 
number of physiological functions associated with the binding, transport and distribution of biologically active 
compounds. Being prone to amyloid transformation under denaturing conditions, this protein is extensively employed in 
the model studies of the protein aggregation and fibrillization [26,27]. Our goal was to obtain a direct evidence for the 
binding of amyloid fibrils of lysozyme and albumin to lipid vesicles and to compare the effects of the native and 
fibrillar proteins on the surface charge of lipid bilayer through measuring the electrophoretic mobility of the uni- and 
multilamellar lipid vesicles. 

 
EXPERIMENTAL SECTION 

Materials 
Egg yolk phosphatidylcholine (PC) and beef heart cardiolipin (CL) were purchased from Avanti Polar Lipids 

(Alabaster, AL). Hen egg white lysozyme and bovine serum albumin were from Sigma (St. Louis, MO, USA). All other 
chemicals were of analytical grade and used without further purification. 

 
Preparation of lipid vesicles 

Multilamellar lipid vesicles (MLV) were prepared from PC mixture with 20 mol% of CL. Appropriate amounts of 
lipid stock solutions were mixed in ethanol and evaporated to dryness under a vacuum. The obtained thin lipid films 
were hydrated with 1.2 ml of 5 mM sodium phosphate buffer (pH 7.4) at room temperature. The acquired lipid vesicles 
were visualized using the optical and fluorescence microscopy techniques (Fig. 1). To obtain the fluorescence 
microscopy images, the lipid vesicles were stained with acridine orange.  

To prepare the large unilamellar liposomes (LUV) with the 100-nm diameter, the suspension of MLV was 
subjected to 15 passes through a 100-nm pore size polycarbonate filter (Millipore, Bedford, USA). Hereafter, the MLV 
and LUV employed in the electrophoretic measurements are denoted as MLVCL20 and LUVCL20, respectively. 

 
Measurements of electrophoretic mobility and zeta-potential 

The electrophoretic mobility of MLV suspended in 5 mM sodium phosphate buffer (pH 7.4) was measured in a 
laterally oriented electrophoretic chamber. The current through the cell was determined with an ammeter. Liposome 
migration in the stationary Smoluchowski layer was observed with a BIOLAM microscope at 20 oC. The rate of 
migration was determined from the time required for liposomes to pass a fixed distance (79.17 μm) upon the change of 
the voltage polarity. The electrophoretic mobility (u ) was calculated as tElu /= , where l  is the distance covered by 
a vesicle in time t , E  is the electric field strength. The u  value was averaged over 20-40 measurements. Statistical 
analysis of the experimental data was performed in Mathcad 11. The Helmholtz-Smoluchowski equation was used to 
calculate the electrokinetic potential 0/ εεηζ ru= , here η  denotes the viscosity of the medium, rε  and 0ε  are the 
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dielectric constants of the aqueous phase and vacuum, respectively. The zeta-potentials of the unilamellar lipid vesicles 
were determined using Zetasizer Nano ZS Malvern Instruments apparatus, equipped by the temperature controller. 
Specifically, 0.8 ml of the samples were injected in Zeta dip cell, and the measurement was performed at 20 °C. The 
zeta-potential values were determined as the average of 3 repeats. 

 

  
a b 

Fig. 1. The images of multilamellar lipid vesicles 
a - obtained using optical microscopy, b - obtained using fluorescence microscopy 

 
Preparation of amyloid fibrils 

Amyloid fibrils of lysozyme and albumin were produced by dissolving the protein (10 mg/ml) in 10 mM glycine 
buffer, pH 2, and incubating for 2 weeks at 60°C. Fibril formation was assessed by transmission electron microscopy 
(Fig. 2). A 5-µl drop of concentrated protein solution was applied to a carbon-coated Formvar grid, and blotted after 60 
sec. A 5-µl drop of 2% uranyl acetate solution was placed on the grid, blotted after 30 sec, washed by deionized water, 
air dried and examined using a Tecnai 12 Bio-Twin transmission electron microscope operating at an accelerating 
voltage of 80 kV.  

 

  
a b 

Fig. 2. TEM images fibrils formed at pH 2.0, 60 °C 
a - hen egg white lysozyme, b - bovine serum albumin. Scale bars are 200 nm (a) and 50 nm (b) 

 
RESULTS AND DISCUSSION 

Liposomes are formed due to self-assembly of amphiphilic lipid molecules in an aqueous phase into spherical or 
quasispherical vesicles consisting of an aqueous central cavity and a single bilayer shell (unilamellar vesicles) or 
multiple bilayer shells (multilamellar vesicles). The surface potential of lipid vesicles ( sψ ) is created by the charges of 
the lipid headgroups, adsorbed ions and counterions residing at the lipid-water interface [1,2]. The surface potential is 
determined by the content and type of the charged lipids and the concentration of protons and ions in the adjacent layer. 
The simplest description of the membrane surface potential is provided by the Gouy-Chapman-Stern double layer 
theory which is valid when the charge is uniformly distributed over a planar surface [28]. In terms of this theory the 
electrostatic free energy of a membrane with the area outLm LSS =  is given by [29]: 

1 2 22 sinhs B m
el

k TSF a a
e a

σσ σ−⎛ ⎞⎛ ⎞= − + +⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠
,     (1) 
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where σ  is the surface charge density, TkcNa BAεπ 12 −= ; AN  is Avogadro’s number, ε  is the dielectric constant, c  

is the molar concentration of monovalent ions, T  is the temperature, Bk  is the Boltzmann’s constant, outL  is the 
concentration of accessible lipids which for unilamellar liposomes is related to the total lipid concentration ( L ) as 

LLout 5.0= ; LS  is the mean area per lipid molecule: 

AAPCPCL SfSfS += ,      (2) 

here PCf , Af  are the mole fractions of PC and the anionic phospholipid; PCS  is the mean area per PC molecule (0.65 
nm2); AS  is the mean area per molecule of anionic phospholipid taken as and 1.2 nm2 for CL. The surface charge 
density (σ ) is determined by the mole fraction of anionic phospholipid ( Af ) and the degree of its ionization (α ): 

m

outA

S
Lfeασ −

= ,       (3) 

where e  is the elementary charge, 1=α  for phosphatidylglycerol or phosphatidylserine, and 2=α  for cardiolipin 
[30]. The electrostatic surface potential of a membrane ( sψ ) is related to the surface charge density as: 

⎟
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The so-called zeta potential (ζ ) derived from the measurements of electrophoretic mobility of the lipid vesicles 
or cells can be regarded as a component of the surface membrane potential sψ . ζ - potential is a potential at the plane 
of shear separating the compact and diffuse parts of the double layer. The plane of share may reside up to 2-3 water 
diameter away from the surface. In the compact part, adjacent to the surface, the ions are immobilized and move 
together with the vesicle or cell, while in the diffuse part the ions are mobile and distribute according to the laws of 
statistical mechanics. The compact part of the double layer is determined by the inner and outer Helmholtz planes. The 
inner plane, residing at the distance ~ 0.1 – 0.2 nm from the membrane, represents the plane of closest approach of 
nonhydrated ions to the surface. The outer Helmholtz plane is located at ~ 0.6 nm from the surface and characterizes the 
closest approach of the hydrated ions. The share plane lies close to the outer Helmholtz plane [31-33]. The calculation 
of the average electrophoretic mobility of colloidal particles requires the solution of a set of partial differential 
equations (electrokinetic equations) for the electrical potential, ion densities and fluid velocities in the suspending 
electrolyte. The electromigration of lipid vesicles is an especially complex process that cannot be described by the 
classical electrokinetic theory, postulating a direct relation between the electrophoretic mobility (u ) and the particle 
charge ( q ):  

/ 6u q Rπη= ,      (5) 
here R  is the particle radius. However, for large particles, such as colloids or liposomes, this equation is not valid and 
special models have been developed for these systems [34-35]. In contrast to the classical electrokinetic theory, these 
models allow for the effects of relaxation and retardation, both of which reduce the rate of electrophoretic migration of 
large particles. Relaxation arises from the distortion of the ionic atmosphere during the particle movement, while 
retardation is brought about by the enhancement of hydrodynamic drag when counterions move in the opposite to 
particle direction in the applied field. Within the framework of the electrokinetic models proposed for the large colloidal 
particles the extent of relaxation effects is treated as being dependent on the inverse thickness of the electric double 
layer (or inverse Debye length, ( )1/22

02 /A B re N c k Tκ ε ε= ), the particle radius R  and ζ - potential. One of the existing 

colloidal theories applicable to describing the electromigration of liposomes has been suggested by O’Brien [35,36]. 
According to this theory, the electrophoretic mobility of spherical particles with R κ>>  is given by: 
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where summation is performed over ionic species for which ,k j iz z= , jm  is the nondimensional ionic drag 

coefficient, jD  is the ion diffusivity, 2 ln 2 / zγ =  for a symmetric two species electrolyte, z  is the magnitude of 

ion valency, index i refers to the counterion with the highest valency, in∞  is the equilibrium ion density beyond the 
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double layer, if there are more than one counterion species, in∞  should be replaced by a sum over the bulk densities of 
these ions. Despite being more adequate in interpreting the electrokinetic behavior of liposomes, Eq. (6) is valid for the 
rigid and nondeformable spherical particles. However, lipid vesicles possess intrinsic deformability, so that they can 
undergo a variety of shape deformations. This property can to some extent be taken into account by considering the 
lipid vesicles as prolate spheroids whose electrophoretic mobility is expressed by the equation [36]: 

0 1( ) 2 ( )
3

B

B

k T eu g g
e k T

εεζ ζ γ β β
η η

⎛ ⎞
⎡ ⎤= + − +⎜ ⎟ ⎣ ⎦

⎝ ⎠
,     (7) 

where 0 ( )g β  pertains to the velocity components of ellipsoids whose major axis is aligned with the applied field, 

while 1( )g β  characterizes the ellipsoids with major axis transverse to the field. At last, most electrokinetic theories 
consider the particles with a uniform charge distribution whose ionic atmosphere is only slightly distorted by the 
applied field, ignoring the possibility of field-induced charge migration over the particle surface which may occur in the 
fluid lipid bilayers [37,38]. It has been demonstrated that charge migration may lead to polarization and elongation of 
lipid vesicles along the direction of the applied field [39,40]. Thus, the factors, such as relaxation, retardation, 
deformability and field-induced polarization must be taken into account while interpreting the electrokinetic behavior of 
liposomes. 

The alterations of the electrophoretic mobility of MLVCL20 upon the adsorption of the native or fibrillar lysozyme 
and serum albumin are shown in Fig. 3. As expected, in the absence of protein the u  value has the negative sign. 
However, at varying the protein concentration ( P ) electrophoretic mobility was found to display a complex behavior 
involving a complete neutralization of liposome charge or its reversal. 
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Fig. 3. Electrophoretic mobilities of PC/CL (4:1, mol:mol) 
liposomes in the absence of proteins and at varying 

concentrations of the native (N) and fibrillar (F) proteins 
a,b - lysozyme, c - serum albumin. 

Lipid concentration was 1000 µM (a, b) or 667 µM (c) 

It appeared that even at the minimum concentration of the native lysozyme (0.23 µM) the surface charge of 
liposomes changes its sign from negative to positive, i.e. the protein covers all accessible surface area of MLVCL20. 
Given that the radius of lysozyme monomers is ~ 1.9 nm, the cross-section of structurally unperturbed protein is ~ 11.3 
nm2, i.e. one protein molecules is capable of covering at least 15 lipid molecules (with the mean area per lipid molecule 

LS  ~ 0.76 nm2). Assuming the monolayer adsorption of lysozyme onto lipid vesicles, one obtains that upon complete 
protein binding the accessible surface area at L  = 1000 µM equals ~ 2.6 nm2, i.e. only 3.4 µM of lipids are capable of 
associating with protein. According to the optical and fluorescence microscopy data, the diameter of MLVCL20 falls in 
the range 5-40 µm. Taking into account the mean area per lipid, it follows that the outer monolayer of one 40 µm-MLV 
contains ~ 132 lipid molecules, while the aqueous cavity of such vesicle may incorporate many vesicles of the smaller 
size. As a consequence, the amount of lipids accessible for the protein binding significantly decreases, and the actual 
ratio /outL P  ~ 15 will be much less than the maximum possible value of this parameter corresponding to the case of 
lipid self-assembly into unilamellar vesicles. Thus, increase of the protein concentration creates the conditions for 
multilayer adsorption since /outL P  will decrease. The factors, such as the alterations in the protein tertiary structure, 
asymmetry of the distribution of positively and negatively charged groups on the protein surface, the extent of exposure 
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of hydrophobic patches, the orientation of the protein molecule relative to lipid-water interface, may lead to the 
alternative changes of the sign of vesicle charge depending of the number of the adsorbed layers. Indeed, as can be seen 
in Fig. 3 and Table 1, as the concentration of the native lysozyme increases from 0.23 µM to 0.46 µM, the liposome 
charge becomes neutral, while at further increase of P  value till 2.3 µM and 11.6 µM the vesicles again acquire a 
positive charge. A somewhat different situation was observed for fibrillar lysozyme – with increase of the protein 
concentration from 0.23 µM to 0.46 µM the charge of liposomes changes its sign from positive to negative, then, at 
P  = 2.3 µM the charge becomes positive, and at P = 11.6 µM the vesicle charge was completely neutralized. 

 
Table 1. 

Electrokinetic properties of the multilamellar PC/CL (4:1, mol:mol) vesicles in the presence of the native or fibrillar 
lysozyme and serum albumin 

Protein Lipid 
concentration, 

µM 

Protein 
concentration, 

µM 

u , µm·cm/s·V ζ , mV sψ , mV σ , C/m2 

1000  0  -4.40±0.48 -62.3 -66.0 -1.4·10-2 
1000 0.23 3.43±0.29 48.5 46.0 8.6·10-3 
1000 0.46 -2.17±0.16 -30.7 -32.3 -5.6·10-3 
1000 2.3 2.98±0.20 42.2 44.5 8.2·10-3 

Fibrillar 
lysozyme 

1000 11.6 0 0 0 0 
1000 0.23 1.98±0.21 28.0 29.4 5.1·10-3 
1000 0.46 0 0 0 0 
1000 2.3 3.00±0.27 42.5 44.8 8.3·10-3 

Native 
lysozyme 

1000 11.6 3.03±0.33 42.9 45.3 8.4·10-3 
667 0  -2.28±0.21 -32.3 -30.0 -5.2·10-3 
667 0.5 2.97±0.28 42.0 43.0 7.9·10-3 

Fibrillar 
serum 
albumin 667 2.5 2.31±0.19 32.7 34.4 6.0·10-3 

667 0.5 2.40±0.28 34.0 35.8 6.3·10-3 Native 
serum 
albumin  

667 2.5 -2.81±0.31 -39.8 -42.0 -7.6·10-3 

The results of electrophoretic measurements conducted for the systems MLV + native or fibrillar serum albumin 
also are suggestive of the multilayer protein adsorption. The native albumin at the lower of the examined 
concentrations, 0.5 µM, caused the reversal of the vesicle charge (Fig. 3c). Although the net charge of bovine serum 
albumin is negative, ca. -18e at physiological pH, the protein surface is abundant of positively charged residues that 
may form clusters, as illustrated in Fig. 4. At the same time, at the higher protein concentration, 2.5 µM, the liposomes 
again become negatively charged, probably because of the existence of more than one layers of the adsorbed protein. 
The fibrillar albumin brought about the reversal of the vesicle charge, with the absence of significant difference 
between the protein concentrations 0.5 µM and 2.5 µM. 

  
a b 

Fig. 4. Surface potential of the proteins 
a - hen egg white lysozyme, PDB ID – 5b1f, b - bovine serum albumin, PDB ID – 4f5s. 

Clusters of negatively charged lysozyme residues and positively charged albumin residues are highlighted in the figure. The values of 
the electrostatic surface potential varied from -0.13 V to 0.13 V. The negative and positive values of the surface potential are marked 

by “-” and “+”, respectively. Protein structures have been prepared using the online available PDB2PQR Server, followed by the 
calculations of the surface potential performed in the Adaptive Poisson-Boltzmann Solver (APBS) software package 

(http://www.poissonboltzmann.org/) 
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In contrast to MLV, the dependence of the electrophoretic mobility and corresponding ζ - potential of LUV on 
the protein concentration was predominantly monotonous, with the u  value being gradually decreased with increasing 
the amount of the adsorbed protein. 
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Fig. 5. Dependence of |ζ|-potential of LUVCL20 on the concentration 

a - fibrillar lysozyme; b - native lysozyme; c - fibrillar serum albumin; d - native serum albumin 
Lipid concentration was 125 µM 

 
This is not surprising since at the same total lipid concentration the vesicle surface area accessible for the protein 

binding is substantially higher in the suspension of unilamellar liposomes. The only exception was the case of native 
lysozyme, when the ζ - potential showed even the slight increase of its negative value (Fig. 5b). Under the employed 
experimental conditions /outL P  ratio ranges from ~ 37 till ~ 6. If there exists only a single layer of the adsorbed 
protein, as is supposed for all LUV systems, it cannot be excluded that the binding of the native lysozyme to liposome 
surface is rather strong to achieve nearly complete covering of the membrane surface even at the lowest protein 
concentration. Despite the total positive charge of lysozyme, the protein bears the clusters of negatively charged 
residues (Fig. 4) which may impart an additional negative charge to liposome surface.  

Table 2. 
Electrokinetic properties of the unilamellar PC/CL (4:1, mol:mol) vesicles in the presence of native or fibrillar 

lysozyme and serum albumin 
Protein Lipid 

concentration, 
µM 

Protein 
concentration, 

µM 

u , 
µm·cm/s·V 

ζ , mV sψ , 
mV 

σ , C/m2 

0  -1.29 -18.2±0.7 -19.2 -3.0·10-3 
1.7 -1.17 -16.5±0.9 -17.3 -2.7·10-3 
3.3 -1.14 -16.1±0.2 -16.9 -2.7·10-3 
4.9 -1.07 -15.1±0.2 -15.8 -2.5·10-3 
6.3 -1.02 -14.4±0.7 -15.1 -2.4·10-3 
7.8 -1.05 -14.9±1.5 -15.6 -2.5·10-3 
11.0 -1.08 -15.3±0.5 -16.0 -2.5·10-3 

Fibrillar 
lysozyme 
 

125 

14.0 -1.12 -15.8±0.9 -16.6 -2.6·10-3 
0 -1.37 -19.4±0.6 -20.4 -3.2·10-3 Native 

lysozyme 
125 

1.7 -1.4 -19.8±0.8 -20.8 -3.3·10-3 
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Protein Lipid 
concentration, 

µM 

Protein 
concentration, 

µM 

u , 
µm·cm/s·V 

ζ , mV sψ , 
mV 

σ , C/m2 

3.3 -1.51 -21.4±0.3 -22.5 -3.6·10-3 
4.9 -1.5 -21.2±1.2 -22.3 -3.5·10-3 
6.3 -1.41 -20.0±0.2 -21.0 -3.3·10-3 
7.8 -1.6 -22.6±0.4 -23.7 -3.8·10-3 

 

11.0 -1.39 -19.7±0.6 -20.7 -3.3·10-3 
0 -1.29 -18.2±0.3 -19.2 -3.0·10-3 

0.4 -0.76 -10.7±0.7 -11.3 -1.8·10-3 
0.7 -0.59 -8.4±0.3 -8.8 -1.4·10-3 
1.1 -0.54 -7.6±0.6 -8.0 -1.2·10-3 
1.4 -0.52 -7.3±1.3 -7.7 -1.2·10-3 
1.7 -0.55 -7.8±0.4 -8.2 -1.3·10-3 
2.4 -0.57 -8.0±0.1 -8.4 -1.3·10-3 

Fibrillar 
serum 
albumin 
 

125 

3.0 -0.54 -7.6±0.5 -8.0 -1.2·10-3 
0 -1.29 -18.2±0.6 -19.2 -3.0·10-3 

0.4 -0.98 -13.9±0.8 -14.6 -2.3·10-3 
0.7 -0.88 -12.5±0.3 -13.1 -2.1·10-3 
1.1 -0.82 -11.6±0.8 -12.2 -1.9·10-3 
1.4 -0.85 -12.1±1.5 -12.7 -2.0·10-3 
1.7 -0.86 -12.2±0.7 -12.8 -2.0·10-3 
2.4 -0.85 -12.0±0.7 -12.6 -2.0·10-3 

Native 
serum 
albumin  
 

125 

3.0 -0.78 -11.0±0.3 -11.6 -1.8·10-3 
 

Based on the measured values of electrophoretic mobility and ζ - potentials of MLVCL20 and LUVCL20, we 
calculated the surface potential and surface charge density of liposomes assuming that the plane of shear lies at the 
distance 0.2 nm from the vesicle surface. The distance dependence of electrostatic potential is given by [28]: 
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Tke
Tke

B

B

ψ
ψβ ,    (8) 

here sψψ =)0( . It appeared that sψ  values determined from the experimental data for both uni- and multilamellar 

liposomes are much less than the theoretical sψ  value predicted by the Gouy-Chapman theory (-153 mV). This may be 
explained by the aforementioned effects of relaxation and retardation which reduce the rate of electromigration along 
with other phenomena specific for soft particles like lipid vesicles [41], and render the classical double layer theory not 
strictly applicable for the examined systems. 

 
CONCLUSIONS 

• The effect of the native or fibrillar lysozyme and serum albumin on the electrokinetic properties of negatively 
charged uni- and multilamellar liposomes from the zwitterionic lipid phosphatidylcholine and anionic lipid 
cardiolipin has been studied using the microelectrophoresis technique. In terms of the double layer theory the 
parameters, such as the ζ - potential, the surface electrostatic potential and surface charge density of the lipid 
vesicles have been determined upon varying the lipid-to-protein molar ratio. 

• The nonmonotonous dependence of the electrokinetic parameters on the protein concentration and reversal of 
the liposome charge observed for the multilamellar lipid vesicles have been interpreted as a manifestation of 
multilayer protein adsorption on the liposomal surface. 

• The predominant tendency in the electrokinetic behavior of unilamellar liposomes lies in the gradual decrease 
of the ζ - potential with increasing the protein concentration, suggesting the existence of a single layer of the 
adsorbed protein. 

• The revealed differences in the effect of the native and fibrillar protein forms on the charge of liposomal 
membranes point to the distinct lipid-associating abilities of the monomeric and aggregated proteins. 
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