
P

I
m

J
K
a

b

c

a

A
R
R
A
A

K
L
L
L
H
I
F

1

a
f
o
l
t

m

0
d

International Journal of Pharmaceutics 391 (2010) 284–291

Contents lists available at ScienceDirect

International Journal of Pharmaceutics

journa l homepage: www.e lsev ier .com/ locate / i jpharm

harmaceutical Nanotechnology

nteractions of lipid-based liquid crystalline nanoparticles with model and cell
embranes

ustas Barauskasa,∗, Camilla Cervinb, Marija Jankuneca, Marija Špandyrevaa,c,
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a b s t r a c t

Lipid-based liquid crystalline nanoparticles (LCNPs) are interesting candidates for drug delivery applica-
tions, for instance as solubilizing or encapsulating carriers for intravenous (i.v.) drugs. Here it is important
that the carriers are safe and tolerable and do not have, e.g. hemolytic activity. In the present study we
have studied LCNP particles of different compositions with respect to their mixing behavior and mem-
brane destabilizing effects in model and cell membrane systems. Different types of non-lamellar LCNPs
were studied including cubic phase nanoparticles (Cubosome®) based on glycerol monooleate (GMO),
hexagonal phase nanoparticles (Hexosome®) based on diglycerol monooleate (DGMO) and glycerol
dioleate (GDO), sponge phase nanoparticles based on DGMO/GDO/polysorbate 80 (P80) and non-lamellar
nanoparticles based on soy phosphatidylcholine (SPC)/GDO. Importantly, the LCNPs based on the long-
chain monoacyl lipid, GMO, were shown to display a very fast and complete lipid mixing with model
membranes composed of multilamellar SPC liposomes as assessed by a fluorescence energy transfer
(FRET) assay. The result correlated well with pronounced hemolytic properties observed when the GMO-
based LCNPs were mixed with rat whole blood. In sharp contrast, LCNPs based on mixtures of the
long-chain diacyl lipids, SPC and GDO, were found to be practically inert towards both hemolysis in
rat whole blood as well as lipid mixing with SPC model membranes. The LCNP dispersions based on
a mixture of long-chain monoacyl and diacyl lipids, DGMO/GDO, displayed an intermediate behavior

compared to the GMO and SPC/GDO-based systems with respect to both hemolysis and lipid mixing.
It is concluded that GMO-based LCNPs are unsuitable for parenteral drug delivery applications (e.g. i.v.
administration) while the SPC/GDO-based LCNPs exhibit good properties with limited lipid mixing and
hemolytic activity. The correlation between results from lipid mixing or FRET experiments and the in vitro
hemolysis data indicates that FRET assays can be one useful screening tool for parenteral drug delivery
systems. It is argued that the hemolytic potential is correlated with chemical activity of the monomers

in the mixtures.

. Introduction

Non-lamellar nanoparticles formed by the dispersion of self-
ssembled lipid liquid crystalline (LC) phases in aqueous solution

eature both hydrophilic and hydrophobic domains forming mono-
r bicontinuous networks depending on the molecular nature of the
ipid or lipid mixture (Larsson, 2000). One key application area of
hese systems is the use as delivery vehicles for therapeutic and
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diagnostic agents (Drummond and Fong, 2000; Spicer, 2005; Boyd
et al., 2006; Johnsson et al., 2006; Malmsten, 2007; Cervin et al.,
2009; Lee et al., 2009; Yaghmur and Glatter, 2009).

Lipids are amphiphilic molecules that can self-assemble into
different LC phases (polymorphism), where relatively small alter-
ations in molecular or ambient properties control phase behavior
and morphology (Luzzati and Husson, 1962; Larsson et al., 2006).
In analogy with liposomal dispersions (liposomes), reversed non-
lamellar phase particles can be prepared by dispersion formation

in excess aqueous solution in the presence of a stabilizing agent
(Barauskas and Nylander, 2008). The most thoroughly studied and
characterized system of a non-lamellar phase forming lipid is the
glycerol monooleate (GMO) (or monoolein)/water system, that at
physiologically relevant temperatures forms a bicontinuous cubic

http://www.sciencedirect.com/science/journal/03785173
http://www.elsevier.com/locate/ijpharm
mailto:justas.barauskas@bchi.lt
mailto:markus.johnsson@camurus.com
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hase in excess aqueous solution (Lutton, 1965; Hyde et al., 1984;
iu and Caffrey, 2000). The GMO cubic phase may be fragmented

nto stable aqueous nanoparticle dispersions by the use of a sta-
ilizing fragmentation agent such as Pluronic F127, a tri-block
o-polymer of ethylene oxide and propylene oxide (EO–PO–EO)
Ljusberg-Wahren et al., 1996; Gustafsson et al., 1997; Barauskas et
l., 2005a). Intriguing internal 3D nanostructures of the GMO-based
ubic phase nanoparticles have been observed and characterized
y, e.g. cryogenic transmission electron microscopy (cryo-TEM)
Barauskas et al., 2005a,b). Several publications dealing with the
pplication of GMO-based particle dispersions in drug delivery
ave also emerged during the past decade or so (Um et al., 2003;
eesajakul et al., 2004).

More recently it has been shown that all well-known
on-lamellar reversed lipid liquid crystals (bicontinuous cubic,
sponge”, hexagonal, and micellar cubic) can be dispersed into col-
oidal nanoparticles when using suitable lipid combinations and
reparation techniques (Barauskas et al., 2005b, 2008; Johnsson et
l., 2005; Barauskas and Nylander, 2008; Salentinig et al., 2008).
lthough the spectrum of such colloidal lipid self-assembly struc-

ures for drug delivery application appears exhaustive in theory,
n practice cost, safety and regulatory demands impose a signif-
cant restriction in which systems that can be used. There are
nly a limited number of lipids and surfactants with prior use
n pharmaceutical products which realistically can be applied as
arenteral drug delivery agents without performing extensive tox-

cology studies (Strickley, 2004; Chen, 2008).
In recent trials we have introduced lipid combinations based

n soy phosphatidylcholine (SPC), glycerol dioleate (GDO) and
olysorbate 80 (P80) as a new alternative for parenteral drug
elivery. This system has been designed specifically for the prepa-
ation of stable non-lamellar LCNPs (Johnsson et al., 2006; Cervin
t al., 2009). A pre-requisite for a parenteral delivery system is
ow or negligible hemolytic activity. Although the phase behav-
or and structural features of some non-lamellar lipid dispersions
re rather well investigated, a good understanding of interaction
spects between such delivery vehicles and blood cell or model
embranes is still lacking. Only a few recent studies provide a link

etween physical and chemical properties of non-lamellar lipid
anoparticles and their interaction features with phospholipid-
ased model membranes (Vandoolaeghe et al., 2009a,b).

In the present study we show that the hemolytic activity
f different nanoparticle dispersions, i.e. the interaction with
he red blood cells (RBCs), is strongly dependent on both the
ipid nature and the overall composition. For this purpose,

e studied the hemolytic activity of different cubic, hexago-
al and “sponge” liquid crystalline nanoparticles. Dispersions
ased on the following lipid compositions have been investi-
ated: GMO/F127, GMO/P80, SPC/GDO/P80, SPC/GDO/GMO/P80,
iglycerol monooleate (DGMO)/GDO/F127 and DGMO/GDO/P80.
he latter system was recently introduced as a novel self-dispersing
on-lamellar phase forming system with applicability mainly to
on-parenteral drug delivery (Barauskas et al., 2006).

To further understand the mechanism of hemolysis, fluores-
ence energy transfer (FRET) measurements on lipid mixing were
erformed to investigate the kinetics of lipid transfer between
odel cell membranes (in the form of multilamellar SPC liposomes)

nd the non-lamellar nanoparticles of different lipid compositions.

. Materials and methods
.1. Materials

Excipients used in the experiments were soy phosphatidyl-
holine (SPC) (S100 from Lipoid GmbH, Ludwigshafen, Ger-
Pharmaceutics 391 (2010) 284–291 285

many), with the major components phosphatidylcholine (95.7%),
triglycerides (1.5%) and lysophosphatidylcholine (1.0%); glyc-
erol dioleate (GDO) (Danisco, Aarhus, Denmark), containing
diglycerides (94.0%), monoglycerides (0.8%) and triglycerides
(4.9%); glycerol monooleate (GMO) (Danisco, Aarhus, Den-
mark), containing monoglycerides (95.0%) and diglycerides
(4.1%); diglycerol monooleate (DGMO) (Danisco, Denmark),
containing diglycerol monoester (87.0%), glycerol monoester
(2.0%) and free glycerol and polyesters (5.2%); polyoxyethy-
lene (20) sorbitan monooleate (polysorbate 80, P80) (Croda,
U.K.); and poly(ethylene oxide) (PEO)–poly(propylene oxide)
(PPO)–poly(ethylene oxide) tri-block co-polymer (BASF Svenska
AB, Helsingborg, Sweden) with the trade name Pluronic® F127
and approximate formula of EO98PO57EO98 (average molecular
weight of 12,600 g/mol). N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl)-
1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine, triethy-
lammonium salt (NBD-PE) and LissamineTM rhodamine B 1,2-
dihexadecanoyl-sn-glycero-3-phosphoethanolamine, triethylam-
monium salt (N-Rh-PE) were obtained from Invitrogen (Carls-
bad, CA). Dioleoylphosphatidylethanolamine–poly(ethylene gly-
col) 2000 (DOPE–PEG(2000) or PEG-lipid) was obtained from
Avanti Polar Lipids (Alabaster, Al). All other solvents and reagents
were of analytical grade and were used as received. Milli-Q purified
water was used for all experiments.

2.2. Preparation of lipid-based liquid crystalline nanoparticles
(LCNPs)

Non-aqueous SPC/GDO/P80 and SPC/GDO/GMO/P80 pre-
formulations were prepared by combining appropriate amounts
of constituents with ethanol (10 wt% ethanol) followed by mixing
overnight at room temperature on a roller mixer. Aqueous LCNP
dispersions (5 wt% of lipid) were prepared by adding appropriate
amount of pre-formulation to pure water (or to 5 wt% glucose
solution for use in the hemolysis assay). Samples were then
immediately sealed, hand-shaken and left to vortex for 48–72 h
on a mechanical mixing table at 180–400 rpm and room temper-
ature (RT). Heat treatment of dispersions was performed where
indicated in order to improve dispersion properties in terms of
reducing the amount of meta-stable vesicular aggregates. Heat
treatment of the mechanically shaken dispersions was performed
using a bench-type autoclave (CertoClav CV-EL, Certoclav Sterilizer
GmbH, Traun, Austria) operated at 125 ◦C and 1.4 bar during
20 min. After the heat treatment, the samples were allowed to cool
to RT. Preparation procedures of aqueous GMO/F127, GMO/P80,
DGMO/GDO/F127 and DGMO/GDO/P80 LCNP dispersions are
described elsewhere (Barauskas et al., 2005a, 2006; Johnsson et
al., 2005).

2.3. Preparation of LCNP labeled with fluorescent lipids

0.4 mg of NBD-PE and 0.5 mg of N-Rh-PE were dissolved in
1.25 ml of a chloroform/ethanol (1/4, v/v) mixture to final concen-
trations of 0.335 and 0.300 mM, respectively. A stock solution with
an equimolar ratio of the fluorescent phospholipids (8 �M) was
prepared by adding 0.24 ml of the NBD-PE and 0.27 ml of the N-
Rh-PE solution to 19.49 ml of ethanol. In order to label the LCNP
with fluorescent phospholipids, appropriate amounts (80–150 �l)
of stock solution of the equimolar mixture of NBD-PE and N-Rh-
PE were mixed with 6 ml of LCNP dispersions (0.003 wt% with

respect to lipid) and left to equilibrate for 48 h at RT under mild
stirring before the measurements. 48 h was the time required to
reach steady-state fluorescence. All FRET measurements were per-
formed with freshly prepared LCNP dispersions labeled with the
fluorescent lipids.
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Table 1
Results from the hemolysis assay of LCNPs with different lipid compositions mixed with fresh whole blood from rat in vitro and particle size data. Hemolysis and particle
size data are also provided for the aqueous solution of F127 and P80.

Lipid weight ratio (wt%) Fragmentation agent
(wt% with respect to lipid)

Particle size distribution Hemolysis (%) (n ≥ 3)

GMO DGMO/GDO SPC/GDO SPC/GDO/GMO P80 F127 d (nm) PdI Mean SD

100 10 196 0.11 120 14
100 15 199 0.17 114 10
100 20 204 0.17 116 3.4
100 25 206 0.23 114 22
100 30 186 0.26 114 32
100 20 339 0.22 122 16

50/50 10 154 0.14 1.5 0.2
50/50 7.5 141 0.14 1.4 0.2
50/50 15 130 0.16 2.2 0.6
50/50 20 138 0.21 1.9 0.2
50/50 30 153 0.23 1.5 0.2

70/30 20 160 0.17 0.0 0.0
60/40 20 148 0.18 0.0 0.1
50/50 20 125 0.20 0.0 0.1
40/60 20 116 0.20 0.1 0.1
30/70 20 102 0.24 0.1 0.2
20/80 20 105 0.22 0.1 0.2
10/90 20 116 0.20 0.1 0.2

40/30/30 20 146 0.17 1.9 2.1
40/24/36 20 141 0.21 1.9 2.1
40/18/42 20 152 0.13 2.3 2.3
40/12/48 20 191 0.17 3.3 2.6
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.4. Preparation of coarse multilamellar liposome dispersion and
nilamellar liposomes

Coarse dispersions of multilamellar liposomes were prepared
y adding 2.25 g of SPC to 47.75 ml 0.9 wt% NaCl solution. The
amples were immediately sealed, hand-shaken and left to vortex
or 48–72 h on a mechanical mixing table at 180 rpm and RT. The
esulting coarse dispersions of multilamellar liposomes were char-
cterized by a mono-modal size distribution and a mean particle
ize of 1.3 �m (polydispersity index (PdI) was 0.23).

Unilamellar liposomes comprising SPC or SPC/DOPE–PEG(2000)
PEG-lipid) were prepared by dissolving the lipid or lipid mixture in
hloroform followed by evaporation of the solvent under vacuum
o form dry lipid films. Hydration of the lipids was performed in
.9 wt% NaCl solution by repeated freeze–thawing (freezing in liq-
id nitrogen and thawing in water bath at 50 ◦C) with intermittent
ortex mixing. The dispersions were thereafter extruded through
stacked polycarbonate filters of pore size 400 nm 15 times using
LIPEX extruder (Northern Lipids Inc., Burnaby, Canada) to form
nilamellar liposomes. The lipid dispersions were then diluted as
equired for the FRET experiments (see below).

.5. Particle size measurements

Particle size distributions were measured using a Zetasizer Nano
S dynamic light scattering instrument (Malvern Instruments Ltd.,
orcestershire, U.K.) at 25 ◦C. The prepared aqueous dispersions
ere diluted to 1 wt% lipid. Autocorrelation functions were ana-

yzed using Malvern’s General Purpose model as supplied in the
nstrument software. The particle size distributions were char-
cterized by the mean particle size (intensity averaged) and the
olydispersity index.
.6. FRET fluorescence measurements

All FRET fluorescence lipid mixing experiments were performed
sing LS 55 Fluorescence Spectrometer (PerkinElmer, Waltham,
236 0.24 7.1 3.3
226 0.26 14 5.7

11.3 0.11 6.6 1.4
100 24.4 0.27 0.0 0.0

MA). In this study, an assay based on NBD-rhodamine energy
transfer, detected as N-Rh-PE emission at 580 nm resulting from
NBD-PE excitation at 463 nm, was utilized (Struck et al., 1981).
Briefly, 2 ml of prepared LCNPs (0.003 wt% with respect to lipid)
labeled with 1 mol% of fluorescent phospholipids (0.5 mol% of N-
Rh-PE and 0.5 mol% of NBD-PE) were added to 1 cm path length
quartz cuvettes and mixed with 13 �L 4.5 wt% SPC multilamellar
liposomes to a final LCNP/liposomes weight ratio of 1/10 (wt/wt).
The resulting fluorescence emission decays were registered at RT at
580 nm for 30 min. All decay curves were corrected for background
intensity (scattering) and normalized.

2.7. Hemolysis

Fresh whole blood (heparinized) from rat was mixed with
lipid dispersions, prepared as described above (5 wt% total lipid
dispersed in an aqueous medium containing 5 wt% glucose), or con-
trols in a ratio of 1:1 (v/v) (total volume of 1 ml). 5 wt% glucose
in water for injection (WFI) and 2 wt% Triton X-100 (surfactant)
in WFI were used as negative and positive controls, respectively.
Samples were incubated at 37 ◦C with gentle rotation at 200 rpm
on a shaking table during 1 h, after which they were centrifuged
at 2000 × g during 10 min. Supernatants were treated with aque-
ous 10 wt% Triton X-100 solution in a ratio of 1:4 (v/v) (total
volume of 200 �l) to prevent false positive results originating
from the turbidity of the lipid dispersions. Absorbance of the
Triton X-100 treated supernatant was determined spectrophoto-
metrically in a 96-well microtiterplate at 540 nm. Hemolysis was
reported as % of positive control (100% hemolysis) according to
(Abssample − Absneg)/(Abspos − Absneg) × 100.
3. Results and discussion

The main objective was to study the relation between some of
the key properties of the lipid-based drug delivery carriers and the
interactions with model and cell membranes. The ultimate goal is to
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Fig. 1. Hemolysis of rat whole blood induced by lipid LCNP dispersions based on
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chieve a better understanding of the structural/functional carrier
roperties and the relation to in vivo properties such as toxicity
nd stability in systemic circulation. The work may also help in
esigning carrier vehicles for specific administration routes, such as
arenteral drug administration. To this end, in vitro hemolysis data
ere complemented with the lipid mixing behavior characteristics

f different non-lamellar lipid-based liquid crystalline nanoparti-
les (LCNPs) with model phospholipid liposomes, as assessed by
RET measurements.

.1. Hemolytic effects of LCNPs

The first part of this work was focused on determination of the
emolytic effects of LCNPs of different lipid and polymer composi-
ions on fresh whole blood from rat in vitro. Cubic phase dispersions
ased on GMO/F127 and GMO/P80 at different lipids to polymers
surfactant) weight ratios (90/10, 85/15, 80/20, 75/25, and 70/30)
ere prepared. As shown in Table 1, despite different amounts

f stabilizing polymer all GMO/F127 based cubic LCNPs showed
assive hemolysis, within the range of 117–137% relative to pos-

tive control. Exchanging the F127 (20 wt% with respect to GMO)
or a different fragmentation agent, P80 (20 wt%, with respect to
MO), resulted in similar results (136% hemolysis), indicating no
ffect of the nature of the fragmentation agent on the hemolytic
ctivity of GMO-based dispersions. The results clearly indicate the
imited applicability of the well-known GMO-based dispersions in
harmaceutical products for i.v. administration.

Hemolytic effects of hexagonal and “sponge” type LCNPs based
n mixtures of DGMO/GDO stabilized with F127 (10 wt%, with
espect to lipid mixture) and P80 (7.5, 15, 20, and 30 wt% with
espect to lipid mixture) were also investigated. As seen from the
esults presented in Table 1, despite different structural organi-
ations and natures of the stabilizing/fragmentation agent and its
oncentration, all DGMO/GDO-based dispersions showed very sim-
lar and quite small degree of the hemolytic activity in the order of
–2%.

In our recent studies we have introduced new lipid combina-
ions with applicability for i.v. administration, based on mixtures
f SPC/GDO/P80 that form stable and structurally well-defined non-
amellar LCNP dispersions in aqueous media (Johnsson et al., 2006;
ervin et al., 2009). A number of dispersions stabilized with the
ame concentration of P80 but at different SPC/GDO weight ratios
70/30, 60/40, 50/50, 40/60, 30/70, 20/80, and 10/90) were prepared
nd tested (Table 1). The results showed essentially no hemolytic
ctivity relative to positive control for either of the dispersions.

Interesting results were obtained with the quaternary
PC/GDO/GMO/P80 dispersion system, where GDO was grad-
ally exchanged for GMO to finally obtain a SPC/GMO/P80 mixture
Table 1 and Fig. 1). The results showed a gradual increase in
emolytic activity from 0.2% (GDO/GMO; 100/0 wt/wt) to 18%
hen GDO within the LCNP dispersions, was fully replaced by
MO (GDO/GMO; 0/100 wt/wt). The observed behavior of the
PC/GDO/P80 LCNP dispersions in the presence of the highly
emolytically active GMO shows that SPC/GDO/P80 based disper-
ions can accommodate considerable amounts of monoglyceride
or GMO) “impurities” and still possess low hemolytic activity.

To complement the above data on the different LCNP formu-
ations, the hemolytic effect of both stabilizing polymer (F127)
nd surfactant (P80) solutions was also investigated. Micellar solu-
ions of 1 wt% P80 and 1 wt% Pluronic F127 were thus prepared
nd these resulted in hemolysis of 7% and 0%, respectively. Thus,

80 per se displays a moderate hemolytic activity when dissolved
lone in aqueous solution, as also described elsewhere (Miwa et
l., 1998), whereas Pluronic F127 alone appears inert with respect
o hemolysis. It is worth noting that 20 wt% P80 with respect to
ipid was used for the SPC/GDO/P80 LCNP dispersions (Table 1) and
SPC/GDO/GMO/P80 at different SPC/GDO/GMO ratios (40/60/0, 40/30/30, 40/24/36,
40/18/42, 40/12/48, 40/6/54 and 40/0/60). The P80 concentration was in all cases
20 wt% with respect to the other lipid components (see also Table 1). Note the
practical absence of hemolysis for the SPC/GDO/P80 dispersion.

that the dispersions of 5 wt% total lipid (mixed 1/1 vol/vol with rat
whole blood) as used in the hemolysis experiments therefore cor-
responds to a total P80 concentration of 1 wt%. Thus, when mixed
with SPC/GDO, P80 does not induce any measurable hemolysis, i.e.
the activity of P80 was significantly reduced in the mixture com-
pared with the pure aqueous P80 solution. A similar effect was
observed with DGMO/GDO/P80 LCNP dispersions. Altogether, the
results from hemolysis experiments clearly indicate that hemolytic
effects of various non-lamellar LCNP dispersions are mostly driven
by the nature of lipid molecules and specific lipid composition but
not by the stabilizing polymer (F127) or surfactant (P80).

3.2. FRET fluorescence of LCNP mixing with phospholipid
liposomes

The second part of this work was focused on determination
of the mixing behavior aspects of different LCNPs with soy phos-
phatidylcholine (SPC) multilamellar liposomes. FRET experiments
were performed by entrapping fluorescent probes (0.5 mol% NBD-
PE and 0.5 mol% N-Rh-PE) within the dispersed LCNPs, allowing
the labeled LCNPs to mix with SPC liposomes, and following flu-
orescence emission decays with time for 30 min at 580 nm. The
obtained fluorescence decay curves were background corrected
(intensity data from mixing SPC liposomes with LCNP dispersions
without fluorescent probes were subtracted), and normalized (ini-
tial intensity was set to 100%). Additionally, all LCNP dispersions
were tested to make sure that the fluorescence intensity of the
entrapped fluorescence probes did not spontaneously decrease, e.g.
due to photo-bleaching, during the timescale of the mixing exper-
iment. To mimic in vivo conditions as closely as possible, all FRET
mixing experiments were deliberately performed at a LCNP/SPC
liposomes weight ratio of 1/10 (wt/wt), i.e. the excess of multil-
amellar liposomal structures used in the FRET studies would mimic
the situation of a systemic dilution of injected LCNPs with an excess
of cell membranes present.

Fig. 2 shows the FRET kinetic data obtained from the interac-
tion of GMO/F127, DGMO/GDO/P80, and SPC/GDO/P80 LCNPs with

SPC liposomes. As indicated by the fluorescence intensity kinetic
decays, GMO-based dispersions showed the highest interaction
activity (Fig. 2a). In the presence of SPC liposomes, fluorescence
intensities decayed to about 20% of its initial values within the first
30 min of the mixing experiment. This indicates that the average
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Fig. 2. FRET fluorescence intensity decays upon mixing of SPC multilamellar lipo-
somes with fluorescently labeled (NBD-PE and N-Rh-PE) (a) GMO/F127 LCNPs at
different GMO-to-polymer weight ratios: 70/30 (1), 80/20 (2), 90/10 (3), and 75/25
(4); (b) DGMO/GDO/P80 LCNPs at different lipid (DGMO + GDO)/P80 weight ratios:
80/20 (1), 70/30 (2), 85/15 (3), and 92.5/7.5 (4); and (c) SPC/GDO/P80 LCNPs at
d
T
a

d
G
t
s
o

fluorescence probes within the respective lipid nanoparticle.
ifferent SPC/GDO weight ratios: 70/30 (1), 50/50 (2), 30/70 (3), and 10/90 (4).
he excitation wavelength was 463 nm and the emission intensity was recorded
t 580 nm.

istance between the fluorescence probes entrapped within the

MO/F127 dispersions rapidly increased, as a result of fast interac-

ion kinetics and lipid mixing of LCNPs with SPC liposomes. As also
een from Fig. 2a, there was no lipid mixing behavior dependence
n the amount of F127 used to stabilize the GMO-based dispersions.
Pharmaceutics 391 (2010) 284–291

“Sponge” type LCNP dispersions based on DGMO/GDO/P80 mix-
tures showed moderate interaction with SPC liposomes (Fig. 2b).
In this case, fluorescence intensities decayed to about 85% of ini-
tial values. Note that the fluorescence intensity decays showed a
dependence on the amount of P80 used to stabilize the dispersions.
DGMO/GDO/P80 dispersions prepared at lipid/P80 weight ratios
of 70/30 and 80/20 decayed only about 10% of the original fluo-
rescence intensity, whereas the dispersions prepared at lipid/P80
weight ratios of 85/15 and 92.5/7.5 decayed 16 and 20%, respec-
tively. In other words, increased amount of P80 prevented, to some
extent, the interaction resulting in lipid mixing of such “sponge”
type LCNP dispersions with SPC bilayers. In a recent study we
have shown that the internal nanostructure of the DGMO/GDO/P80
LCNPs depends on the concentration of P80 (Barauskas et al., 2006).
That is, increasing amount of P80 thickens the outer “sponge”
phase layer of the nanoparticles in which P80 molecules are prefer-
ably located. Therefore, the increasing amount of P80 within the
nanoparticles likely provides some additional degree of steric sta-
bilization and restricts fusion/interaction with SPC liposomes. A
moderate interaction effect with SPC liposomes was also observed
for hexagonal type LCNPs based on the mixture of DGMO/GDO sta-
bilized with F127 (10 wt% with respect to lipid mixture). In this
case, the fluorescence intensity decayed to about 70% of its initial
value (data not shown).

As seen from the data presented in Fig. 2c, aqueous SPC/GDO/P80
dispersions showed a very low degree of interaction with SPC lipo-
somes. Irrespective of SPC/GDO weight ratios (from 70/30 to 10/90)
in the dispersion preparations, only a few percent of the initial flu-
orescence intensity was lost, indicating practically no lipid mixing
with SPC bilayers.

Fig. 3 shows the FRET kinetic data obtained from the interac-
tion of quaternary SPC/GDO/GMO/P80 LCNPs with SPC liposomes.
The above data (Fig. 2a) clearly showed that GMO can be character-
ized as highly “fusogenic” with respect to lipid mixing/interaction
with SPC liposomes. Indeed, a gradual exchange of GDO for GMO
resulted in increased lipid mixing as indicated by the decrease in
fluorescence intensity in Fig. 3. When GDO was fully replaced by
GMO, the dispersions showed a moderate interaction with SPC lipo-
somes, as fluorescence intensity decayed to about 70% of the initial
value.

To gain insight into interaction features between non-lamellar
LCNP dispersions and SPC multilamellar liposomes additional cali-
bration experiments were performed. To roughly estimate the lipid
bilayer dilution during the mixing process, experiments were per-
formed by measuring the emission intensity at 580 nm at different
fluorescent lipid concentrations (total amount of NBD-PE + N-Rh-
PE) within the LCNPs. This procedure allows an approximate
lipid mixing degree calculation, i.e. to correlate the relative emis-
sion decay from the kinetic experiments with the dilution of
the fluorescence probes. The results obtained for the three dif-
ferent LCNP dispersion systems, GMO/F127, DGMO/GDO/P80 and
SPC/GDO/P80, are summarized in Fig. 4. As expected, the calibra-
tion curves showed a near linear decrease in fluorescence intensity
with decreasing fluorescence probe concentration. However, espe-
cially at low fluorescence probe concentration, the dependencies
for the three LCNP dispersions differed slightly. For example, with
the SPC/GDO-based LCNP dispersion the fluorescence intensity
decreased faster with decreasing probe concentration as compared
to the GMO/F127 LCNPs (Fig. 4). This observation is most likely
related to the different LCNP nanostructural organizations and
different localizations and energy transfer features between the
More importantly, calibration curves presented in Fig. 4 enable
rough estimations of the actual mass transfer in the obtained lipid
mixing kinetic data presented in Figs. 2 and 3. Thus, upon mixing
of GMO/F127 LCNP dispersions with SPC liposomes, the fluores-
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Fig. 3. (a) FRET fluorescence intensity decays upon mixing of SPC multilamellar lipo-
somes with fluorescently labeled (NBD-PE and N-Rh-PE) SPC/GDO/GMO/P80 LCNPs
at different SPC/GDO/GMO weight ratios: 40/45/15 (1), 40/60/0 (2), 40/30/30 (3),
40/18/42 (4), and 40/0/60 (5). (b) Dependence of the FRET fluorescence intensity on
GMO concentration within SPC/GDO/GMO/P80 LCNPs (concentration expressed as
wt% of total composition) after 30 min of mixing with SPC multilamellar liposomes.
The excitation wavelength was 463 nm and the emission intensity was recorded at
580 nm.

Fig. 4. Dependence of the FRET fluorescence intensity on total NBD-PE + N-Rh-PE
concentration entrapped within GMO/F127 (squares), DGMO/GDO/P80 (triangles),
and SPC/GDO/P80 (circles) LCNP dispersions. The excitation wavelength was 463 nm
and the emission intensity was recorded at 580 nm.
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cence intensities decayed to about 20% of the initial value (Fig. 2a),
indicating a very fast lipid mixing corresponding to more than 10
times dilution of the fluorescence probes within the nanoparticles
(Fig. 4). Taking into account that experiments were performed at an
LCNP/SPC liposome weight ratio of 1/10, it may be concluded that
within 30 min, GMO-based LCNPs and SPC liposomes are totally
mixed. In contrast, SPC/GDO/P80 LCNPs showed a very limited
interaction with SPC liposomes, indicating almost no lipid exchange
and practically no dilution of the fluorescence probes. “Sponge”
type (DGMO/GDO/P80 based) LCNPs possessed moderate mixing
behavior with SPC, corresponding to a limited mass transfer of
approximately 1.2 times dilution of the fluorescence probes.

Taken together, there is a relatively good correlation between
the determined in vitro hemolytic effects of different LCNPs on RBCs
and their mixing behavior with SPC liposomes. As shown in the
hemolysis experiments, GMO-based LCNPs display massive hemol-
ysis when mixed with fresh whole blood from rat. Correspondingly,
a fast and near complete lipid mixing was observed in FRET experi-
ments with SPC liposomes. SPC/GDO/P80 dispersions, on the other
hand, were found to be non-hemolytic and correspondingly the
FRET experiments indicated almost no lipid mixing with SPC lipo-
somes.

It is interesting to note the dramatic effect of GMO on both lipid
mixing and hemolysis. The critical aggregation concentration (cac)
or critical micelle concentration (cmc) of GMO has been determined
to be approximately 4 × 10−6 M (Ho and Storch, 2001) and GMO
has a much higher monomer activity compared with SPC and GDO
that have estimated cacs (or cmcs) in the 10−9 to 10−10 M range
(Tanford, 1991). When GMO is mixed with SPC/GDO, hemolysis and
lipid mixing decrease markedly compared with the pure GMO sys-
tem, but increase gradually with the fraction of GMO in the lipid
mixture (Figs. 1 and 3). These effects can be explained by lowering
the GMO monomer activity in the mixture. Assuming ideal mixing,
one can roughly calculate the cac (cmc) for the lipid mixture, e.g.
for the mixtures displayed in Table 1. Taking as an example the
SPC/GMO/P80 32/48/20 wt% mixture, with cac (or cmc) values of
10−9 M, 4 × 10−6 M and 6 × 10−6 M (Thorsteinsson et al., 2005), for
SPC, GMO and P80, respectively, and using Eq. (1) (where ˛i and
cmci are the ith component mole fraction and cmc, respectively),
the mixed cmc is estimated to approximately 5 × 10−9 M.

1
cmcmixed

=
∑

i

(
˛i

cmci

)
. (1)

Having established the mixed cmc in the nanomolar range, thus
showing that at all experimental conditions used herein there will
be lipid aggregates/particles present, the monomer concentration
of GMO may be estimated by using Eq. (2) and assuming ideal
mixing:

Cmonomer
GMO = XGMO × cmcGMO, (2)

where XGMO and cmcGMO are the mole fractions of GMO in the lipid
mixture and the cmc of pure GMO, respectively. Based on the above
assumptions, the monomer concentration of GMO in the respective
lipid mixtures in the hemolysis and lipid mixing (FRET) experi-
ments was calculated and the result is plotted in Fig. 5. Note that
the hemolysis and FRET experiments were conducted at substan-
tially different total lipid (LCNP) concentration, i.e. the total lipid
(LCNP) concentration was 2.5 wt% (or 25 mg/ml) after mixing with
rat whole blood whereas the total lipid (LCNP) concentration in the
FRET experiment was 0.003 wt% (or 30 �g/ml). As shown in Fig. 5,

despite the almost 3 orders of magnitude difference in total lipid
(LCNP) concentration, the trends observed in the hemolysis and
lipid mixing experiments are the same with a significant “effect
onset” at a calculated GMO monomer concentration of about 2-
3 �M. This indicates that it is the GMO monomer concentration
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Fig. 5. Dependence of hemolysis (circles) and lipid mixing (in terms of fluores-
cence intensity decrease) (squares) on the estimated GMO monomer concentration
in mixed systems of SPC/GDO/GMO/P80 (Table 1). Values taken for the zero GMO
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oncentration correspond to the SPC/GDO/P80 LCNPs whereas the highest hemol-
sis value is taken from the GMO/P80 (80/20 wt/wt) LCNPs and the highest lipid
ixing or intensity decrease value is taken from GMO/F127 (80/20 wt/wt) LCNPs.

hat facilitates the interaction with rat RBCs and SPC multilamel-
ar liposomes rather than direct particle–particle interactions (or
usion).

To support the conclusion of GMO monomer driven interaction
ith lipid membranes an additional experiment was performed
here LCNPs based on GMO/F127 (90/10 wt/wt) were mixed with

ither plain SPC or with SPC/PEG-lipid unilamellar liposomes
ncluding 16 wt% (or ca 5 mol%) PEG-lipid (DOPE–PEG(2000)) in the
atter composition. Because the presence of PEG-lipids in the lipid

embrane is expected to effectively reduce particle–particle inter-
ctions through steric stabilization (Kenworthy et al., 1995; Čeh et
l., 1997; Johnsson and Edwards, 2003), there should be a change
n the lipid mixing kinetics if particle fusion is the driving force for
he interaction rather than monomer exchange. As shown in Fig. 6,

he lipid mixing kinetics were essentially identical for plain SPC
nd SPC/PEG-lipid liposomes thus again indicating GMO monomer
xchange to be the most important factor.

ig. 6. FRET fluorescence intensity decays upon mixing of SPC (1) and SPC/PEG-lipid
84/16 wt/wt) (2) unilamellar liposomes with fluorescently labeled (NBD-PE and N-
h-PE) GMO/F127 (90/10 wt/wt). The excitation wavelength was 463 nm and the
mission intensity was recorded at 580 nm.
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Interestingly, unsaturated monoglycerides such as GMO have
been shown to exert high antiviral activity towards enveloped
viruses (Sands et al., 1979) whereas the saturated counterparts
were found to be inactive. The concentration of GMO needed for
50% inactivation of herpes simplex virus (HSV-2) was found to be
about 1 �M, i.e. below the cmcGMO of 4 �M, again indicating the
importance of the monomer concentration for “membrane activ-
ity”. Importantly, in the study by Sands et al., it was shown that
by mixing GMO (or monoolein) with either GDO (diolein) or PC,
the GMO-induced inactivation of two types of bacteriophages was
essentially inhibited showing that both GDO and PC acted as to
reduce GMO antiviral activity by lowering the GMO monomer activ-
ity in the mixed system. We also note that human plasma levels of
total monoacyl glycerols (MAGs), of which an unknown fraction is
unsaturated MAGs including GMO, are generally <1% of the total
level of acylglycerols (MAGs, diacyl glycerols (DAGs) and triacyl
glycerols (TAGs)) and that the fasted state MAG plasma levels are
in the order of 2–5 �M (Fielding et al., 1993). Thus, the total MAG
and therefore GMO plasma levels (and other unsaturated MAGs)
are naturally kept relatively low which is obviously physiologically
important given the high membrane destabilizing activity of GMO.

It appears clear from the above that the monomer concentration
of the respective lipid or surfactant dispersion/solution is important
for the hemolytic activity. However, this is obviously not the only
factor as for example GMO and P80 have approximately the same
cmc but cause significantly different levels of hemolysis. Another
important factor is the structural impact of the incorporation of the
particular lipid/surfactant into the cellular membrane. Taking GMO
and P80 as examples, the former lipid is a cubic phase forming lipid
whereas the latter is a “normal” micelle forming surfactant. Clearly,
the cubic phase forming GMO has more pronounced membrane
destabilizing effects and this may be related to potential phase
segregation within the cell membrane introducing pore structures
and resulting in leakage of the cellular content. This type of pore
formation may also occur in normal surfactant/lipid membrane
system (Edwards and Almgren, 1992) but, depending on the molec-
ular nature of the surfactant, is generally not causing highly leaky
lipid membranes until a relatively high fraction of the surfactant is
present in the lipid bilayer. Hence, in addition to chemical activity,
the local effect of a lipid or surfactant drug delivery vehicle con-
stituent on cell membrane structural properties appears to play a
role for its hemolytic activity and its ultimate qualification as drug
delivery agent.

4. Conclusions

It is concluded that dispersed LCNPs based on SPC/GDO display
very limited lipid mixing with SPC model membranes and prac-
tically no hemolysis when added to rat whole blood. The latter
property is a pre-requisite for a drug delivery system intended
for intravenous administration at higher exposures. In contrast,
GMO-based LCNPs exhibit very fast and effective lipid mixing
with phospholipid bilayers, both with model and cell membranes,
resulting in, e.g. massive hemolysis when mixed with red blood
cells. Partly this difference may be explained by difference in chem-
ical activity, but the impact on bilayer membrane structure, e.g. of
the cell also plays a role.

It is further concluded that there is a relatively good correlation
between FRET lipid mixing experiments using model PC mem-
branes (multilamellar liposomes) and in vitro hemolysis effects.
Thus, dispersions resulting in a small degree of hemolytic activ-

ity in vitro also show limited lipid mixing with SPC bilayers. FRET
experiments may therefore be used as one screening tool for the
selection of viable lipid formulations for parenteral drug delivery
and in particular for formulations intended for intravenous admin-
istration.
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