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The  aim  of  this  work  is  to  investigate  the  effect  of  electrostatic  interactions  between  the  nanoparti-
cles  and  the  membrane  lipids  on  altering  the  physical  properties  of  the  liposomal  membrane  such
as fluidity  and  bending  elasticity.  For  this  purpose,  we  have  used  nanoparticles  and  lipids  with  dif-
ferent  surface  charges.  Positively  charged  iron  oxide  (�-Fe2O3) nanoparticles,  neutral  and  negatively
charged  cobalt  ferrite  (CoFe2O4)  nanoparticles  were  encapsulated  in  neutral  lipid  1-stearoyl-2-oleoyl-sn-
glycero-3-phosphocholine  and  negatively  charged  1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-L-serine
lipid  mixture.  Membrane  fluidity  was  assessed  through  the  anisotropy  measurements  using  the  fluo-
rescent  probe  1,6-diphenyl-1,3,5-hexatriene.  Though  the  interaction  of  both  the  types  of  nanoparticles
reduced  the  membrane  fluidity,  the  results  were  more  pronounced  in  the  negatively  charged  liposomes
embrane fluidity
ending elasticity
embrane electrostatics

encapsulated  with  positively  charged  iron  oxide  nanoparticles  due  to strong  electrostatic  attractions.  X-
ray  photoelectron  spectroscopy  results  also  confirmed  the  presence  of  significant  quantity  of positively
charged  iron  oxide  nanoparticles  in  negatively  charged  liposomes.  Through  thermally  induced  shape  fluc-
tuation  measurements  of  the  giant  liposomes,  a considerable  reduction  in the  bending  elasticity  modulus
was observed  for  cobalt  ferrite  nanoparticles.  The  experimental  results  were  supported  by  the simulation

ngev
studies  using  modified  La

. Introduction

Liposomes with the potential to encapsulate the nanoparticles
NPs) find extensive applications in biomedical and pharmaceu-
ical fields due to their ability to carry huge payload, improved
tability, targeted delivery of the encapsulated material and to min-
mize the NPs toxicity (Torchilin, 2005; Uhumwangho and Okorr,

005). For instance, liposomes encapsulated with ultrasmall super-
aramagnetic iron oxide NPs are gaining popularity in magnetic
esonance imaging of cancer cells, diagnosis as well as treatment
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el.: +386 13203780.
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in–Poisson–Boltzmann  model.
© 2013 Elsevier Ireland Ltd. All rights reserved.

(Weinstein et al., 2010; Laurent and Mahmoudi, 2011). Since the
NPs usage for in vivo applications are gradually increasing, it is cru-
cial to investigate the various modes of NPs interaction with the
bilayer lipids. Depending on the NPs concentration, their interac-
tion with the bilayer lipids may  alter the membrane properties and
their functions (Albanese et al., 2012).

High density encapsulation of NPs in the liposomes is preferred
in many clinical applications such as drug delivery and hyperther-
mia  to achieve better results. Electrostatic interactions based on the
surface charge of the liposomes and NPs plays an important role in
determining the efficiency of NPs encapsulation in liposomes (Sipai
Altaf Bhai et al., 2012). The surface charge of the liposomes can

be altered by varying the lipid composition, pH and the external
environment during liposome preparation. When charged lipids
are used to prepare liposomes, they are more stable due to electro-
static repulsions which can prevent the aggregation and fusion of

dx.doi.org/10.1016/j.chemphyslip.2013.11.009
http://www.sciencedirect.com/science/journal/00093084
http://www.elsevier.com/locate/chemphyslip
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemphyslip.2013.11.009&domain=pdf
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eighbouring vesicles (Sybachin et al., 2012). Frokjaer et al. (1982)
as demonstrated increased stability of phosphatidylcholine lipo-
omes by decreasing the ionic strength and increasing the surface
harge. The surface charge of the NPs can be modified by changing
he functional groups attached to the NPs surface or by changing
he coating material (Jiang et al., 2009). The NPs are coated with dif-
erent materials such as polyethylene glycol, citric acid and dextran
o increase their stability. The nature of the coating material greatly
nfluences the zeta potential value of NPs. High zeta potential val-
es of the NPs are a key factor to stabilize them in suspensions and
o reduce their cytotoxicity (Wu  et al., 2008).

To study the effect of surface charges and electrostatic
nteractions in detail, we have used a neutral lipid 1-stearoyl-2-
leoyl-sn-glycero-3-phosphocholine (SOPC) and its mixture with
egatively charged 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-
-serine (POPS) to prepare the liposomes. Similarly we  have used
Ps with varying surface charges by adding different functional
roups to their surface. Neutral and negatively charged CoFe2O4
Ps and positively charged �-Fe2O3 NPs were encapsulated in
oth the type of liposomes. We  have chosen magnetic NPs such
s iron oxide and cobalt ferrite NPs for our work as they have
ast expanding applications such as magnetofection, cell labeling,
mmunoassays and cancer therapy (Akbarzadeh et al., 2012). By
he application of an external magnetic field, they can be easily

anipulated to reach the target region for diagnosis, drug delivery
nd treatment (Santhosh and Ulrih, 2013).

The interaction of NPs with the phospholipid membrane affects
he fluidity which can be studied through the anisotropy mea-
urements using the fluorescent probes such as 1,6-diphenyl-1,3,5
exatriene (DPH) (Hianik and Passechnik, 1995). Bilayer fluidity is
elated to the viscosity of the lipid membrane which is an important
eature of the cell membrane. Increased fluidity enhances the free

ovement of phospholipid molecules and protein moieties in the
embrane to facilitate various biological functions like ion trans-

ort, cell signaling and cell growth (Park et al., 2005). The fluidity of
he bilayer/membrane can be affected by the membrane bound or
ncapsulated NPs (Roiter et al., 2008). Similarly the NPs adsorbed to
he membrane surface or entrapped in the bilayer have a significant
ffect on the elastic properties of the membrane which is essential
or the cell to perform the fundamental functions like adhesion,

igration and interaction (Lai et al., 2013). Hence in order to better
nderstand the influence of NPs in membranes, it is necessary to
tudy the various effects of NPs interactions on cell membranes and
odel membranes.
Recent studies on the effects of NPs on membrane stability have

evealed that the incorporation of metal NPs within the membrane
lters the phase behavior of the lipids by decreasing the phase tran-
ition temperature and increasing the bilayer fluidity (Bhandary et
l., 2011). Since the polymorphic phase behavior of lipids influence
ifferent membrane related processes, it has become important to
tudy the effect of NPs interaction with different lipid membranes.
normous research has been carried out with homogeneous bilay-
rs consisting of zwitterionic phospholipids, but very less work has
een done to understand the electrostatic attraction between the
egatively charged lipid bilayers and differently charged NPs and its

nfluence on the physical and chemical properties of membranes.
herefore the aim of our work is to study these interactions in detail
hrough simulation studies and to establish a correlation between
he theoretical calculations and the experimental results.

. Materials and methods
SOPC and POPS lipids were purchased from Avanti Polar
ipids Inc., USA. DPH and HEPES [4-(2-Hydroxyethyl)piperazine-
-ethanesulfonic acid] were obtained from Sigma Aldrich Chemie
mbH, Steinheim, Germany. All the chemicals obtained have high
ysics of Lipids 178 (2014) 52– 62 53

purity (>99%) and used without any further purification. Negatively
charged lipid vesicles were prepared by mixing SOPC and POPS
lipids in the molar ratio of 4:1, respectively. Iron oxide and cobalt
ferrite NPs were purchased from Nanotesla Institute, Ljubljana,
Slovenia.

2.1. Synthesis of magnetic nanoparticles

Co-precipitation method was used to synthesize both the mag-
netic iron oxide and cobalt ferrite NPs. An aqueous mixture of ferric,
ferrous salts and sodium hydroxide was prepared as an alkali stock
solution (Wu  et al., 2008; Mahnaz et al., 2013). The corresponding
metal hydroxides were precipitated during the reaction between
the alkaline precipitating reagent and the mixture of metal salts and
subsequently oxidized in air to form �-Fe2O3. The iron oxide NPs
were coated with silica to ensure stability (Bumb et al., 2008) and
attached with amino [NH+

3 ] groups on their surface to impart posi-
tive charge. The dried iron oxide NPs were then dispersed in 20 mM
HEPES buffer. The NPs were characterized using X-ray diffractom-
etry and transmission electron microscopy (TEM) (see Fig. 2). The
size of the synthesized �-Fe2O3 NPs were found to be 10 ± 2 nm by
TEM analysis and their zeta potential was found to be +40 mV  using
dynamic light scattering (DLS).

Aqueous Fe(NO3)6· 9H2O and Co(NO3)2· 6H2O solutions were
mixed in stoichiometric ratios and served as precursors for the
synthesis of cobalt ferrite NPs. To get the micelle solution, sodium
dodecile sulfate was  added and the resulting mixture was heated
between 60 and 90 ◦C. To this mixture 10% NaOH solution was
added to the mixture to set the pH between 9.5 and 11 and the
synthesis temperature was  maintained between 70 and 95 ◦C for
about 4–5 h with continuous magnetic stirring. The mixture was
centrifuged at a speed of 3000 rpm for 15 min. The supernatant
was  discarded and the remaining sample was  centrifuged rapidly
till a black precipitate was obtained. The precipitate was purified
by washing thoroughly with water and acetone and dried in hot
air oven at 100 ◦C for 2 h. The dried cobalt ferrite NPs were then
dispersed in 20 mM HEPES buffer. To impart negative charge to
their surface, the cobalt ferrite NPs were coated with citric acid.
The size of the neutral and negatively charged cobalt ferrite NPs
were found to be in the size range of 10–15 nm using TEM and
their zeta potential values were found to be ±34 mV  and −40 mV
for neutral and negatively charged cobalt ferrite NPs respectively
using DLS instrument.

2.2. Preparation of nanoparticles encapsulated liposomes

Small unilamellar vesicles in the size range of 30–50 nm,  encap-
sulated with iron oxide and cobalt ferrite NPs were prepared using
thin film method. The lipids SOPC and SOPC–POPS mixture were
dissolved in sufficient quantity of chloroform and then transferred
into round bottomed flasks (Bangham et al., 1967). The organic sol-
vent was  evaporated completely under reduced pressure (1.7 kPa)
using rotavapor to form a thin lipid film. The thin film was hydrated
with a suspension of positively charged iron oxide, neutral and neg-
atively charged cobalt ferrite NPs (1 mg/ml) suspended in 20 mM
HEPES buffer at pH 7.0. The lipid suspension was then vortexed
vigorously with glass beads for 10 min to prepare multilamellar
vesicles (MLVs) and sonicated using a vibracell ultrasonic disinte-
grator VCX 750 (Sonics and Materials, Newtown, USA) with 50%
amplitude and 10 s on-off cycles for 30 min  to obtain small unil-
amellar vesicles (SUVs). The sample was  then centrifuged at a speed

of 14,000 rpm for 10 min  to separate the debris formed after son-
ication (Eppendorf Centrifuge 5415C). The control SUVs were also
prepared in a similar method but instead of NP suspension they
were diluted with 1 mL  of 20 mM  HEPES buffer.
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mental composition of the sample was  measured from the spectra
using the MultiPak v7.3.1 built-in software of the instrument.

Fig. 1. Schematic presentation of the model to study the interaction between neg-
4 P.B. Santhosh et al. / Chemistry a

.3. Anisotropy measurements

Anisotropy was measured using the incorporation of the flu-
rescent dye DPH (Li et al., 2013; Repakova et al., 2005) in the
ontrol liposomes and liposomes with encapsulated NPs using the
ary Eclipse fluorescence spectrophotometer (Varian, Mulgrave,
ustralia). The sample was  transferred into a 10 mm-path-length
uvette. 10 �L of DPH (Sigma–Aldrich Chemie GmbH, Steinheim,
ermany) in dimethyl sulphoxide (MerckKGaA, Darmstadt, Ger-
any) was added to 2.5 mL  100 �M solutions of SUVs prepared

rom SOPC and SOPC–POPS mixture to reach a final concentration of
.5 �M DPH. The anisotropy measurements were performed within
he temperature range from 15 ◦C to 50 ◦C by gradually increasing
he temperature 5 ◦C for every measurement with a time interval of

 min  with constant mixing at pH 7.0. Varian autopolarizers having
lit widths with a nominal band-pass of 5 nm was  used for both
he excitation and emission spectra. The fluorescent probe DPH
as excited at 358 nm with the excitation polarizer oriented in the

ertical position. The emitted polarized light in both vertical and
orizontal planes were recorded by a monochromator and mea-
ured at 410 nm.  The anisotropy 〈r〉 values were measured using the
uilt-in software of the instrument by applying the below formula:

r〉 = I� − GI⊥
I� + 2GI⊥

(1)

here, I� and I⊥ denotes the parallel and perpendicular fluo-
escence emission intensities. G is the correction factor for the
cattered light and background fluorescence during fluorescence
nisotropy measurements. The G-factor value for all the samples
ere determined individually by calculating the ratio of fluores-

ence intensities of vertically (IHV) and horizontally polarized light
IHH). From the anisotropy values, the lipid-order parameter S was
alculated using the below formula (Pottel et al., 1983):

 = [1 − 2(r/r0) + 5(r/r0)2]
1/2 − 1 + r/r0

2(r/r0)
(2)

here r0 denotes the fluorescence anisotropy measurements of
PH in the absence of any rotational motion of the probe. The the-
retical value of r0 of DPH is 0.4, and the experimental values of r0
ie between the range of 0.362 and 0.394 (Pottel et al., 1983).

.4. Preparation of giant unilamelar vesicles

The giant unilamellar liposomes were prepared with SOPC lipid
hrough a modified electroformation technique (Angelova et al.,
992). 1 mg  of the lipid was  dissolved in 1 ml  of chloroform and few
rops of the resulting solution were placed on the surface of glass
onductors coated with indium tin oxide (thickness of 100 ± 20 nm,
heet resistance of 100 �) which act as electrodes in the electro-
ormation chamber. The glasses containing the lipid droplets were
ept under high vaccum for 30 min  to remove the chloroform com-
letely. Once the dry lipid depots were formed, spacers were placed
n the glass plates and filled with double distilled water. An alter-
ative voltage of 1.5 Vpp and a low frequency of 10 Hz was applied
o the conducting glass plates and kept overnight to form the giant
esicles.

.5. Bending elasticity modulus

The analysis of thermally induced shape fluctuations of giant
esicles were used to study the influence of cobalt ferrite NPs

n the bending elasticity of the membrane of giant neutral SOPC
esicles (Mitov et al., 1992). The giant vesicles were observed
nder a phase contrast microscope (Axiovert 100, Zeiss, Germany,
il immersion objective Ph3 100× magnification) to evaluate the
sics of Lipids 178 (2014) 52– 62

fluctuations in the shape of the liposomes. The experimental equip-
ment was improved by home-assembled stroboscopic illumination
comprising an L6604 Xenon flash lamp, an E7289-01 external main
discharge capacitor and a C6096 power supply, all from Hama-
matsu, Japan. The images of the fluctuating GUVs were obtained
with a C2400-60 camera (Hamamatsu, Japan) and the flash of
the stroboscopic illumination was synchronized with the vertical
pulses coming from the camera, with the light pulses lesser than
3–4 �s duration (full width at half maximum) at 2 J input energy.
The data was recorded in the PC, analyzed with the AIS2 software
(Genova and Mitov, 2013) and the bending elasticity modulus (kc)
values were measured by the thermal fluctuation method (Genova
and Pavlic, 2012) as the weighted average value of about 7–8 vesi-
cles. All of the experiments were performed in double distilled
water environment.

2.6. X-ray photoelectron spectroscopy

The chemical composition of the control liposomes without NPs
and liposomes encapsulated with the NPs were determined from
the X-ray photoelectron spectroscopy (XPS) spectra. The samples
were analyzed using the XPS instrument TFA XPS Physical Elec-
tronics. Since this analysis has to be carried out in high vacuum
environment, a drop of the liposomes in buffer solution (10 �L)
was  placed onto a flat mica surface (110 Orientation) and dried
completely. The dried sample was  then placed in the XPS cham-
ber and subsequently excited by the X-rays with a spot area over
400 �m2 using a monochromatic Al K˛1,2 radiation at 1486.6 eV,
with the pressure about 60 �Pa. The photoelectrons were identified
with a hemispherical analyzer which was  positioned at an angle of
45◦ with respect to the normal to the sample surface. The spectral
energy resolution was  found to be about 0.6 eV. The individual ele-
atively charged POPS lipid and negatively charged NP suspended in salt solution.
Negative charges at x = 0 are described as negative surface charge density �1. D is
the  distance between opposite charges within the head region, �2 is the surface
charge density of charged NP, while ω describes the orientation angle of the single
head group.
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.7. Analysis of encapsulation efficiency

The encapsulation efficiency (EE%) of NPs in the liposomes rep-
esents the percentage of NPs encapsulated into a liposome (Huang
t al., 2005). The EE% value was calculated by measuring the ratio of
he NPs concentration in the liposomes before and after the purifi-
ation process. After sonication, the unbound CoFe2O4 and Fe2O3
Ps in the suspension were removed by centrifugation for 10 min  at
2,000 ×g to obtain pure SUVs encapsulated with NPs. The obtained
UVs were treated with methanol (1:10, v/v) and sonicated for
0 min  to release the encapsulated NPs into the suspension. The
oncentration of the released NPs can be determined by using the
V-visible spectrophotometer at 300 nm.  The encapsulation effi-
iency was determined using the following equation:

ncapsulation efficiency(%) =
[

1 − Amount of NPs in the e
Total amount of the NPs added

.8. Theoretical model

Contact of zwitterionic lipid layer with salt solution con-
aining NPs was theoretically described using modified
angevin–Poisson–Boltzmann (MLPB) model (Velikonja and
erutkova, 2013; Gongadze et al., 2011a). MLPB model takes into
ccount the cavity field in saturation regime, electronic polariza-
ion of water dipoles (Gongadze et al., 2011a,b; Gongadze and Iglič,
012; Fröhlich, 1964) and the finite volumes of lipid head groups
Velikonja and Perutkova, 2013). The finite volume effect of other
articles was not taken into account. The corresponding Poisson
quation can be written as:

d

dx

[
ε0εr(x)

d�(x)
dx

]
= 2e0n0 sinh(e0�(x)ˇ) − e0P(x)

Da0
+ e0P(x)

2Da0
, (4)

here �(x) is the electric potential, ε0 is permittivity of vacuum,
r(x) is relative permittivity of salt solution, e0 is elementary charge,
0 is bulk concentration of salt,  ̌ = 1/kT,  kT is the thermal energy,
(x) is the probability density function for angle ω (see Fig. 1), D is

he distance between opposite charges in dipolar lipid head group
nd a0 is the area per lipid molecule.

The boundary conditions are:

d�

dx
(x = 0) = − �1

ε0 εr(x = 0)
, (5)
d�

dx
(x = Dnp) = �2

ε0 εr(x = Dnp)
, (6)

 (x = 2D−) = � (x = 2D+), (7)

Fig. 2. TEM image of (A) neutral cobalt f
ysics of Lipids 178 (2014) 52– 62 55

sulated liposome
ng liposome preparation

]
× 100. (3)

d�

dx
(x = 2D−) = d�

dx
(x = 2D+), (8)

where in Eq. (5) the surface charge density at x = 0 is �1, while in
Eq. (6) the surface charge density at x = Dnp is �2 corresponding to
the surface charge density of NP (see also Fig. 1).

Eq. (4) was  solved using standard implemented function for
multi-boundary value problems (bvp4c) in Matlab2012b where the
values �r(x) and P(x) were calculated in iteration process outside
of bvp4c function. The εr(x) within MLPB model is (Velikonja and
Perutkova, 2013; Gongadze et al., 2011a):

εr(x) = n2 + n0wp0

ε0

(
2 + n2

3

)
L(�p0E(x)ˇ)

E(x)
, (9)

where n is reffractive index of water, n0w is concentration of
water, p0 is the dipole moment of water, L(u) = (coth(u) − 1/u) is
Langevin function, � = (3/2)((2 + n2)/3) and E(x) = |�(x)′| is the mag-
nitude of the electric field, while the probability density function
P(x) also takes into account the finite volumes of lipid headgroups
and can be written as (Velikonja and Perutkova, 2013):

P(x) = 	
˛  exp(−e0�(x)ˇ)

˛(exp(−e0�(x)ˇ) + 1)
,  (10)

where  ̨ is ratio between charged lipid head groups in the salt solu-
tion and all particles inside the head group region (see Fig. 1) and the
value lambda (	) is calculated iteratively until the normalization
condition is met  (Fig. 2):

1
D

∫ D

0

P(x)dx = 1. (11)

3. Results and discussion

3.1. Bilayer fluidity

The influence of surface charge of the NPs and lipids ordering
parameter and on bilayer fluidity of the liposomes was  studied
by the incorporation of fluorescent probe DPH into the liposomal

bilayer and measuring the steady state fluorescent anisotropy val-
ues (Aricha et al., 2004; Kulkarni, 2012). The fluorescent probe
DPH, as well as its derivatives are widely used to study the mem-
brane properties such as polarity, fluidity and lipid ordering in the

errite NPs and (B) iron oxide NPs.
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The standard error was ± 0.01 for all these measurements. In
case of SOPC liposomes, the difference between the control and �-
Fe2O3 NPs was  almost negligible due to the electrostatic repulsion
Fig. 3. (A) Structure of DPH molecule. (B) Schematic diagra

ell membranes as well as in liposomes (Perez-Berna et al., 2008;
pelios and Savva, 2008). The incorporation of DPH between the
atty acid tails in the bilayer is shown in Fig. 3. A notable fea-
ure of DPH is their ability to change their fluorescent properties
epending on the environment. The dye is non-fluorescent in polar
nvironment but after incorporating into the non-polar region of
he bilayer, they emit strong fluorescence signals (Gmajner et al.,
011). They orient at various locations in the apolar tail region of
he membrane and hence useful to study the entire organization
nd dynamics of the cell membranes as well as liposomes. The flu-
rescent anisotropy values of DPH correlate well with the rotational
iffusion movement of the probe distributed throughout the bilayer
nd hence they are very sensitive in determining the packing order
f the lipid chains and the membrane fluidity.

To study the effect of different NPs concentration and surface
harge on the fluorescence anisotropy, positively charged Fe2O3
Ps, neutral and negatively charged CoFe2O4 NPs of varying con-
entrations such as 0.5, 1.0, 2.0, 3.0 and 5.0 mg  were encapsulated in
iposomes prepared with 1 mL  of SOPC and SOPC–POPS lipids. The
nisotropy values decreased gradually with decreasing NPs con-
entration in both the type of liposomes but the values decreased
ignificantly in SOPC–POPS liposomes encapsulated with positively
harged Fe2O3 NPs (data not shown). The result could be due to
he strong electrostatic attractions between the oppositely charged
urfaces leading to enhanced NPs encapsulation and the conse-
uent disturbances in lipid ordering.

Anisotropy measurements are directly proportional to the
rdering of membrane lipids and inversely proportional to the
embrane fluidity; therefore reduced anisotropy values indicate

ncreased membrane fluidity (Ulrih et al., 2009; Wrobel et al.,
012). The temperature changes induces the phase transition of
he membrane lipids (Veksler and Gov, 2009). When the tempera-
ure increases, there is a transition from the rigid gel phase of the

embrane lipids to the liquid phase. In such a phase, the mobility
f the NPs in the membrane increases rapidly which disturbs the
ipid ordering, induces the phase transition leading to decreased
nisotropy values and increased membrane fluidity (Rappolt and
abst, 2008).

The lipid-order parameter of neutral, positive and negatively
harged NPs in the liposomes prepared with neutral lipid (SOPC)
nd negatively charged lipid (SOPC–POPS) mixture were shown in
ig. 4. The initial anisotropy and the corresponding order param-

ter values of DPH at 15 ◦C in case of SOPC liposomes were: 0.152
nd 0.475 for control liposomes without NPs; 0.135 and 0.420 for
eutral CoFe2O4 encapsulated liposome; and 0.116 and 0.357 for
egatively charged CoFe2O4 encapsulated liposomes; and 0.150
strating the proposed incorporation of DPH in liposomes.

and 0.468 for positively charged Fe2O3 incorporated liposomes.
In SOPC–POPS mixtures the anisotropy values and corresponding
order parameter values at 15 ◦C were: 0.136 and 0.423, 0.126 and
0.390, 0.135 and 0.420, 0.116 and 0.357 for control, neutral, neg-
ative and positively charged NPs loaded liposomes respectively.
Fig. 4. Temperature dependent lipid-order parameter measurements of DPH fol-
lowing their incorporation into the liposomal membranes prepared from (A) SOPC,
(B)  SOPC–POPS lipid mixture. The liposomes were prepared at pH 7.0 and encapsu-
lated with neutral and negatively charged cobalt ferrite NPs and positively charged
iron oxide NPs.
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ig. 5. Schematic figure showing the internalisation of larger NP inside the cell mem
f  membrane bending (C–E) membrane wrapping of the NP (F) neck formation (G) co
ncapsulated NP.

etween the positively charged groups present in the lipid head
nd positively charged amino groups on the NP surface.

A similar effect was observed between the negatively charged
OPC–POPS mixture and negatively charged CoFe2O4 NPs. On the
ontrary, the difference was comparatively significant in the case
f negatively charged SOPC–POPS and positively charged �-Fe2O3
Ps. The attractive electrostatic forces between the cationic �-
e2O3 NPs and negatively charged SOPC–POPS lipid membrane
nabled increased entrapment of NPs in the bilayer. These results
ndicate that electrostatic interactions play an important role in
etermining the efficiency of NPs encapsulation in liposomes
s well as the interaction of NPs with the lipid membrane. If
trong attractive electrostatic forces exists between the mem-
rane and NPs surface, more amount of NPs will be encapsulated
r adsorbed to the membrane leading to enhanced interactions
Michel and Gradzielski, 2012). This in turn will have a signifi-
ant effect on the biophysical properties of the membrane. Some
esearch groups have reported that even a small change in the

uorescence anisotropy values (up to 10%) caused a consider-
ble change in the membrane viscosity (up to 25%) (Shinitzky and
arenholz, 1978). On the other hand, if electrostatic repulsions
ccur between the similarly charged liposome/membrane surface
. (A) NP adhesion to the membrane due to electrostatic attractive forces (B) initiation
tion of neck region (H) clevage of neck resulting in the internalisation of membrane

and the NPs, very less quantity of NPs will be encapsulated in the
liposomes or enter into the cells. The obtained result is consis-
tent with the findings of Bothun (2008) who  demonstrated the
encapsulation of silver NPs in liposomes decreased the anisotropy
values and increased bilayer fluidity. Therefore our result coincides
with the theoretical data, experimental results as well as with the
simulations.

The adsorption of charged particles on the cell membrane due
to strong electrostatic attractions leads to membrane deforma-
tion and alteration in the cell morphology (Hayden et al., 2012;
Shlomovitz and Gov, 2009). Due to the negative surface charge
of the cell membrane, NPs with the positive charge are attracted
and internalised more compared to the neutral and negative NPs
(Verma and Stellacci, 2010; Yaghmur and Rappolt, 2012). Though
the size of the NPs exceed the width of the bilayer, due to mem-
brane elasticity and flexibility the smaller NPs can be trapped partly
or entirely into the bilayer. This entrapment of NPs disturbs the
ordering of the lipids in the membrane leading to the changes in

membrane fluidity. This result is supported by the fact that the
cell membrane accommodates smaller intracellular proteins within
itself and larger extracellular proteins partly embedded (encapsu-
lated) in the lipid bilayer.
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ig. 6. XPS survey depicting the difference in chemical composition (at.%) between
ith  Fe2O3 NPs (Eleršič et al., 2012).

The cell membrane adopts different mechanisms for the NPs
o pass through them and get internalised into the cell (Liu et
l., 2009; Gladnikoff et al., 2009). A possible mode of encap-
ulation of a larger NP is shown in Fig. 5. Due to electrostatic
ttractive forces, the NPs approach and adhere to the membrane
urface followed by membrane bending (Fig. 5(A and B)). If the
dhesive forces between the NP and the membrane surface are
trong enough to compensate the bending energy of the mem-
rane, the membrane bends further forming a neck region to
rap the NP completely (Fig. 5(C–F)). Later the neck region con-

tricts (Fig. 5G) further and cleave from the membrane due to
hermal fluctuations, resulting in the formation of a bud in which
he NP is entirely surrounded by the membrane and the encap-
ulated NP is subsequently released into the interior of the cell

Fig. 5H). Ruiz-Herrero et al. (2012) reported that the duration
f membrane budding can be variable and the neck configura-
ions during their observations lasted between 500 and 5000
0.
ctrums. (A) Control liposomes without Fe2O3 NPs and (B) liposomes encapsulated

3.2. XPS analysis

XPS is a widely used spectroscopic technique to analyze the
surface chemistry of a sample using X-ray beams (Eleršič et al.,
2012). The X-ray spectrum enables to determine the elemental
composition, empirical formula and the electronic state of the
individual elements in the sample. Since we  anticipated that the
positively charged NPs will be encapsulated more in the negatively
charged liposomes due to strong electrostatic attractions, we used
XPS to prove the NPs encapsulation in liposomes by determining
the difference in the chemical composition between the control
liposomes without NPs and SOPC–POPS liposomes encapsulated
with the �-Fe2O3 NPs.

The XPS spectra showing the difference between the empty lipo-

somes and NPs encapsulated liposomes is shown in Fig. 6. The XPS
spectra in the upper panel shows the chemical composition of the
pure liposomes where one can observe the peaks depicting the
presence of carbon and oxygen. The atomic composition of carbon
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Table  1
Bending elasticity modulus (kc) measurements of pure SOPC membrane and SOPC
membrane with CoFe2O4 NPs.

System Weighted mean value of the
bending elasticity modulus

Number of
vesicles

kc/10−19 J

Pure SOPC membrane 2.1
± 0.1

8

SOPC membrane with CoFe2O4 1.6 7
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Table 2
Encapsulation efficiency of neutral SOPC liposomes and negatively charged
SOPC–POPS liposomes encapsulated with iron oxide and cobalt ferrite NPs (n = 4).

Sample Encapsulation efficiency (%)

SOPC – Neutral CoFe2O4 NPs 79 ± 2.6
SOPC – Negative CoFe2O4 NPs 86 ± 1.7
SOPC – Positive Fe2O3 NPs 75 ± 4.2
SOPC–POPS – Neutral CoFe2O4 NPs 81 ± 2.2

age orientation angle of the lipid head group 〈ω〉 as a function of the
distance of the NP (Dnp) from the negatively charged part of lipid
head groups at x = 0 can be seen in Fig. 7. The results were pre-
sented for three different values of parameter  ̨ and NPs with three

Fig. 7. The average orientation angle of the head group 〈ω〉 as a function of
the distance of NP (Dnp) from negatively charged lipid surface at x = 0 for three
NPs ± 0.1

C) in the prepared liposomes was found to be 67.4% whereas the
xygen (O) composition was 32.6%. The lower panel corresponds
o the liposomes encapsulated with iron oxide NPs. Apart from the
arbon and oxygen peaks, new peaks corresponding to iron (Fe)
nd silica (Si) were observed in the lower panel. By the appear-
nce of Fe2p and Si2p signals in the XPS spectra, the presence of
ilica coated iron oxide NPs in the liposomes were confirmed. The
hemical composition of the iron oxide NPs was  also shown by the
PS results; higher concentration of oxygen (from 32.6 to 61.1 at.%)
nd the presence of Fe (8.4%) and Si (21.3%) were observed. The
PS measurement is very sensitive surface analysis method and

he escape depth of photoelectrons is only a few nm. This is also
he reason for higher concentration of silica which corresponds to
he cover layer of iron oxide NPs.

.3. Bending elasticity measurements

Bending elasticity is an important parameter that controls the
embrane fluctuations or alterations in the shape of the vesicles
ainly due to adhesion or interaction with different substances

uch as proteins, NPs or drugs. The analysis of thermally induced
hape fluctuations of giant liposomes is a classical method for
tudying the elastic properties of lipid membranes. It is based on
he fact that under the Brownian motions of water molecules, the
ipid membrane in water environment constantly changes its shape
ue to the fluctuation. Such fluctuations of the biological or model
embranes are a part of the phenomena, describing the deviation

f some physical properties from their equilibrium state.
The obtained experimental data for the bending elasticity mod-

lus (kc) for pure SOPC membrane and for SOPC membrane with
Ps are presented in Table 1. As it can be seen from the obtained

esults, the bending elasticity modulus decreases in the presence
f neutral cobalt ferrite NPs in comparison with that of pure lipid
embrane. This result is in good agreement with the theoretical

redictions showing that lipid bilayers containing additives as dif-
erent inclusions or attached molecules have at certain conditions
educed bending elastic modulus, which is mainly due to entropic
ffect (Kralj-Iglič et al., 1999; Bivas and Méléard, 2003; Iglič et al.,
007; Fošnarič et al., 2006; Meleard et al., 2011; Ramakrishnan et
l., 2011).

.4. Encapsulation efficiency

The lipid composition, surface charge of NPs, nature of the coat-
ng material and variation in the size of magnetic core of NPs are
ome of the important factors that influence the efficiency of NPs
ncapsulation in liposomes. Electrostatic interactions between the
Ps surface and the liposomes are important to be considered to

ncrease the NPs load in the vesicles. Our results (Table 2) showed

he highest encapsulation efficiency of 94% between the negatively
harged SOPC–POPS liposomes and positively charged Fe2O3 NPs
ue to strong electrostatic attractive forces between them. On the
ontrary, a lower EE% of 65% was obtained between the negatively
SOPC–POPS – Negative CoFe2O4 NPs 65 ± 3.7
SOPC–POPS – Positive Fe2O3 NPs 94 ± 2.3

charged SOPC–POPS liposomes and negatively charged CoFe2O4
NPs due to the electrostatic repulsions among the similar charges.
To check the influence of varying NPs concentration on the encap-
sulation efficiency of liposomes, 0.5, 1.0, 2.0, 3.0 and 5.0 mg  of
NPs/mL of the lipid was used during the liposome preparation. In
both the neutral and negatively charged liposomes, the EE% reached
the highest for the vesicles with the lowest NPs concentration of
0.5 mg/mL  such as of 89% and 93% respectively. The EE% gradually
decreased with the increased NPs concentration in both the type
of liposomes. This result is consistent with the findings of Sabate
et al. (2008) and Frascione et al. (2012) who showed that EE% is
inversely proportional to the initial NPs concentration. Increasing
the NPs concentration above 3.0 mg/mL  did not bring significant
increase in EE%.

3.5. Theoretical discussion

POPS consists of two negative groups (phosphate and serine
group) and one positive group (amino group) in the head region
contributing a net negative surface charge to the lipid. Due to
amphiphilic effect, the negative part of the head group bounded to
lipid tails (phosphate group) is in contact with salt solution form-
ing negatively charged surface. The positive part of lipid head group
(amino group) and the outer negative part of the lipid head group
(serine group) penetrates into the salt solution (see Fig. 1). The aver-
different values of parameter  ̨ and NPs with three different charges: negative
(solid plots), positive (dashed plots) and neutral (dotted plots). The values of used
parameters were: T = 298 K, �1 = −0.3 As/m2, dipole moment of water p0 = 3.1 Debye,
D  = 0.42 nm,  bulk concentration of salt n0/NA = 0.1 mol/L, concentration of water
n0w/NA = 55 mol/L, where NA is Avogadro number.
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ig. 8. Schematic diagram showing various possible modes of NPs interaction with
Ps  to the surface of the lipid membranes (B) attachment/adhesion of the NPs to the
ncapsulation of the NP in the core of the liposomes.

ifferent charges (positive, neutral and negative). For negatively
harged NP, it can be seen that with the decreasing distance Dnp

he average orientation angle of the lipid head group 〈ω〉 increases
ignificantly. For positively charged NP, weak attractive forces exist
etween the negatively charged part of lipid head group at x = 2D
nd positively charged NP resulting in decreased average orienta-
ional angle 〈ω〉 towards 57 degrees. For the neutral NP, the average
rientation angle is practically constant.

.6. Different possible modes of nanoparticle interaction with the
embrane

Based on the results presented in Fig. 7 and the results of many
revious studies we conclude that the surface charge of the lipid
esicles and NPs play an important role in determining the encap-
ulation ratio of the NPs in the liposomes (Arsov et al., 2009; Husen
t al., 2012; Bernchou et al., 2011). Fig. 8A depicts the approach
f NPs to the surface of the vesicles and in case of strong electro-
tatic attractions, the particles adsorb to the bilayer surface and may
nduce membrane bending as shown in Fig. 8B. A possible mode
f NPs encapsulation inside the liposomes is through pore forma-
ion. Roiter et al. (2008) reported the formation of membrane pores
y silica NPs in the size range of 1.2–22 nm in the phosphatidyl-
holine membranes. Fig. 8C depicts the NPs induced pore formation
n membranes and Fig. 8D demonstrates their subsequent encap-
ulation in the aqueous core of the liposomes.

. Conclusion

Small unilamellar vesicles encapsulated with neutral, negative

nd positively charged NPs were prepared with SOPC (neutral),
OPC-POPS lipid mixture (negatively charged) to study the influ-
nce of electrostatic interactions on fluidity and elasticity of
iposomal membranes. The fluorescent anisotropy measurements
ipid membranes and their subsequent encapsulation. (A) approach of the charged
brane surface and membrane bending (C) membrane pore formation by the NP (D)

showed a significant reduction in the fluidity of negatively charged
SOPC-POPS liposomal membranes caused by the positively charged
iron oxide NPs. The results from XPS spectra also confirmed that
�-Fe2O3 NPs were successfully encapsulated in the interior of the
liposomes. The increased adhesion of positive NPs on the nega-
tively charged liposomes was  also suggested from theoretical MLPB
model, where we  predicted the stronger average orientation of
lipid headgroups in direction perpendicular to the liposome mem-
brane surface, corresponding to the attractive forces between the
negatively charged serine groups of the POPS lipid and positively
charged iron oxide NPs. The encapsulation of CoFe2O4 NPs in the
SOPC membrane bilayer of giant unilamellar vesicles reduced the
bending elasticity modulus of the lipid membrane. Our findings are
consistent with our understanding that the electrostatic attractions
between the membrane and NPs surface promote the encapsula-
tion efficiency of NPs in liposomes and enhance their interactions
with the membrane. These results will contribute to gain knowl-
edge about the effect of magnetic NPs on the physical properties of
the membrane and the significance of electrostatic forces in order
to increase the NPs load in the vesicles which in turn is desirable
for various clinical applications such as drug delivery and mag-
netic hyperthermia. Since the application of NPs in the biomedical
field is tremendously increasing, our results describing the effect
of magnetic NPs on physical properties of the membrane gains
importance.
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