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Abstract: Whilst there is a large body of evidence looking at the design of cationic
liposomes as transfection agents, correlates of formulation to function remain elusive. In
this research, we investigate if lipid packaging can give further insights into transfection
efficacy. DNA lipoplexes composed of 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine
(DOPE) or 1,2-distearoyl-sn-glycero-3-phosphoethanolamine (DSPE) in combination
with 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP) or 1,2-stearoyl-3-
trimethylammonium-propane (DSTAP) were prepared by the lipid hydration method. Each
of the formulations was prepared by hydration in dH»O or phosphate buffer saline (PBS) to
investigate the effect of buffer salts on lipoplex physicochemical characteristics and
in vitro transfection. In addition, Langmuir monolayer studies were performed to
investigate any possible correlation between lipid packaging and liposome attributes. Using
PBS, rather than dH,O, to prepare the lipoplexes increased the size of vesicles in most of
formulations and resulted in variation in transfection efficacies. However, one combination
of lipids (DSPE:DOTAP) could not form liposomes in PBS, whilst the DSPE:DSTAP
combination could not form liposomes in either aqueous media. Monolayer studies
demonstrated saturated lipid combinations offered dramatically closer molecular packing
compared to the other combinations which could suggest why this lipid combination could
not form vesicles. Of the lipoplexes prepared, those formulated with DSTAP showed
higher transfection efficacy, however, the effect of buffer on transfection efficiency was
formulation dependent.



Pharmaceutics 2011, 3 849

Keywords: Langmuir studies; lipid packaging; cationic liposomes; gene delivery;
transfection; electrolytes

1. Introduction

In the development of new healthcare strategies, correction of underlying pharmacology of diseases
instead of alteration of symptoms remains a key goal. Gene therapy has been developed with this aim
in hand and both genetic diseases and acquired diseases are two main groups of diseases which gene
therapy could play an important role in their treatment [1]. Yet developments in gene therapy remain
slow and the major unresolved concern with gene therapy is how to effectively deliver the gene to the
target site. Although it has been known for some time that direct injection of ‘naked’ DNA allows
transgene expression in muscle [2], in most of the cases ‘naked” DNA molecules are not able to enter
cells efficiently due to their large size, negative charge and nuclease mediated degradation in vivo [3].
Therefore, a delivery vehicle (vector) must be used to carry the gene into the target cell or tissue to
save the gene from the above dangers.

An ideal vector should be stable and have high efficiency, with minimal toxicity and unrestricted
size limitation for genetic payload (which can include DNA, siRNA efc.). It should also be easy to
prepare and be cost effective [4]. Amongst the two classic groups of vectors, viral vectors provide high
transfection efficiency but these systems are still limited by the dogma of toxicity and immunogenic
reactions and therefore much research has focused on the use of non-viral vectors, given their superior
safety profile despite their lower efficacy. In the case of non-viral systems cationic liposomes, due to
their ability to address several of the above criteria, has been widely investigated [5—10] and the
electrostatic interaction between positive charge of cationic liposomes and negative charge of DNA
make a complex of cationic liposome-DNA generally referred to as lipoplexes [11].

To develop lipoplexes with high transfection and low toxicity, several parameters should be taken
into account such as: size, lipid/DNA charge ratio, net positive charge of the lipoplex, chemical
structure of cationic lipid and helper lipid, and finally the structure of the complex itself [12]. However
given the dynamic nature of these structures many factors, in addition to those already listed, can
contribute to the resultant physico-chemical attributes of the lipoplex including the rate of mixing of
the various components, the temperatures used and even the presence of electrolytes in the buffers
used [12—14]. Indeed recent research has shown that the presence of electrolyte within the aqueous
media can influence both the physico-chemical properties and the in vivo efficacy of lipoplexes, with
the authors demonstrating that the addition of low concentrations of sodium chloride to cationic
liposomes during complex formation lead to an improved vaccine adjuvant action [15,16].

Thus the aim of this research was to investigate the molecular interactions of lipids and the resultant
lipoplexes properties and to attempt to correlate these with the transfection attributes of the system in a
controlled in vitro environment. Therefore lipid monolayers were studied by Langmuir-Blodgett
trough as such monolayers can be considered as building blocks for bilayer vesicles, consequently,
studying these monolayers in an aqueous media (dH,O or PBS) at air/water interface, in combination
with the lipid attributes may give insights into bilayer lipid packaging configuration and liposome
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stability which could influence transfection [17]. Cationic liposomes were prepared in dH,O or the
commonly used phosphate buffered saline (PBS) and the liposome physico-chemical characteristics
considered such that the effect of electrolytes could be considered and correlated with the Langmuir
studies. Of the cationic liposome systems tested, the combination of the fusogenic lipid DOPE with the
cationic lipid DOTAP, is a frequently used composition due to its high in vitro transfection efficiency
and optimal immune response [11,18-22]. Therefore this was chosen for further investigation. To
consider the effect of lipid acyl chains on their molecular packaging and lipoplex characteristics were
also systematically compared using DOPE and DOTAP with their disteroyl equivalents (DSPE and
DSTAP) (Figure 1).

Figure 1. Molecular structure of DOPE and DSPE and the cationic lipids DOTAP and
DSTAP used. (DOPE: 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine, = DSPE:
1,2-distearoyl-sn-glycero-3-phosphoethanolamine, DOTAP: 1,2-dioleoyl-3-
trimethylammonium-propane, DSTAP: 1,2-stearoyl-3-trimethylammonium-propane).
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2. Materials and Methods
2.1. Materials

1,2-Dioleoyl-sn-glycero-3-phsphoethanolamine ~ (DOPE),  1,2-dioleoyl-3-trimethylammonium-
propane (DOTAP), 1,2-stearoyl-3-trimethylammonium-propane (DSTAP) and 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine (DSPE) were purchased from Avanti Polar Lipids, Inc. (Alabaster,
AL). Ethylenediaminetetraacetic acid (EDTA) and phosphate buffer saline (PBS) tablets were
purchased from Sigma-Aldrich Company (Poole, UK). Ethanol, methanol and chloroform (all HPLC
grade) were purchased from Fisher Scientific (Leicestershire, UK). PicoGreen® and Lipofectin™
reagents were obtained from Invitrogen Life Technologies and the luciferase assay kit and CellTiter
96" AQueous One Solution Cell Proliferation Assay were both obtained from Promega (Madison, WI).
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Serum free and antibiotic free medium (opti-MEM), Dulbecco’s modified Eagles medium (DMEM),
L-glutamine/Penicillin-Streptomycin and foetal bovine serum (FBS) were purchased from
Gibco-Invitrogen Ltd. (Paisley, UK). gWiz™ Luciferase was obtained from Genovac GmbH,
Germany. The African green monkey kidney cells (COS-7 cells) were purchased from European
collection of cell cultures (ECACC) a Health Protection Agency Culture Collection (Salisbury, UK).

2.2. Liposome Preparation

All cationic liposomes were prepared by the lipid hydration method based on the work of Bangham
et al., in 1965 [23]. Briefly the required lipid mixture of a helper lipid and a cationic lipid, at (8:8) uM
ratio were dissolved in chloroform:methanol (9/1 v/v) in a round bottom flask and a dry lipid film
produced by rotary evaporation at 37 °C. Any residual solvent was removed from the final dry lipid
film by a stream of oxygen-free nitrogen. The dried lipid films were suspended in distilled water or
PBS as appropriate and vortexed vigorously until all of the lipid film came into suspension to produce
multilamellar vesicles (MLV), which were subject to sonication (1 minute at 5 amplitude microns) to
produce small unilamellar vesicles (SUV).

2.3. Preparation of Cationic Liposome/DNA Complexes (Lipoplexes)

Cationic liposome-DNA complexes were prepared by adding different ranges of plasmid DNA
content (2.5, 25, 50, 100, 200 and 1600 pg) and incubated at room temperature for 30 minutes. To
perform in vitro studies, lipoplexes was prepared by diluting 17.5 pL SUV solution to 0.35 mL with
opti-MEM, which was then incubated for 40 minutes at room temperature. After incubation, 0.35 mL
of opti-MEM containing 3.5 ng plasmid DNA was added, and gently mixed with SUV solution and
incubated again for a further 15 min at room temperature. The resultant SUV-DNA mixture was then
diluted to a final volume of 3.5 mL with opti-MEM.

2.4. Determination of Lipoplex Size and Zeta Potential

The z-average diameter of lipoplexes was determined by dynamic light scattering using the photon
correlation spectroscopy (PCS) technique measured on a Malvern Zetasizer Nano-ZS (Malvern
Instruments Ltd., UK). The zeta potential (an indirect measurement of the vesicle surface charge) of
the complexes was measured on Malvern Zetasizer NAni-ZS (Malvern Instruments Ltd., UK) at 25 °C
in distilled water or PBS as appropriate.

2.5. DNA Association Within Lipoplexes

To measure the association of the DNA with liposomes, the preparation was centrifuged (Optima™™
Max-xp Ultra Centrifuge; Beckman Coulter, USA) for one hour with the speed of 125,000 x g at 4 °C.
After centrifugation, the supernatant were collected and the pellets were resuspended in appropriate
media and centrifuge repeated for second time. By adding 100 pL PicoGreen® as a fluorescent dye to
the 100 pL of supernatants in a 96 well plate and incubation of them up to 5 minutes at room
temperature, the absorbance was read by SpectroMax Gemini EM (Molecular Device) plate reader, the
amount of non-incorporated DNA was measured.



Pharmaceutics 2011, 3 852

2.6. In Vitro Transfection of COS-7 Cells

African green monkey kidney cells (COS-7 cells) were maintained at 37 °C under 5% CO; in
Delbecco’s modified Eagles medium (DMEM) with 4 mM L-glutamine and supplemented with 10%
(v/v) foetal bovine serum (FBS), penicillin (100 U/mL) and streptomycin (100 pg/mL). COS-7 cells
were plated 24 hours prior to transfection, at a cell concentration of 1 x 10° cells/mL in 1 mL of
medium in a 12-well plate and incubated overnight. Prior to transfection, cells were washed with 1 mL
of opti-MEM before lipoplexes were added to the cells. 1 mL of the SUV-DNA solution 0.0078 pumole
total lipid content containing 1 pg plasmid DNA) was added to each well, each in triplicate. After
5 hours incubation at 37 °C in 5% CO,, the medium was replaced with growth medium (DMEM)
containing 10% FBS and the cells were incubated for 48 hours. Transfection efficiency of each
formulation was determined by measuring the percentage of each sample to the control. In this study
this value is reported as luciferase activity and Lipofectin was the transfection reagent.

2.7. Cytotoxicity Study

Cos-7 cells were pippeted on a 96-well plate and incubated for 24 hours at 37 °C. Then 20 pL of
MTS reagent (CellTiter 96" AQyeous One Solution Cell Proliferation Assay) was added to each well.
Cells bioreduce the MTS reagent into a red formazan product. Plates were incubated for 4 hours at
37 °C, in a 5% humid CO; atmosphere. After that the quantity of produced formazan was measured on
microplate reader Thermo Scientific Molecular Spectrum plate reader at A499. The absorbance reading
is directly proportional to the number of living cells in the medium. In this study cell viability is
calculated by comparing the results to the positive control (i.e., cells and medium) and expressed as
a percentage.

2.8. Langmuir Studies

To investigate the surface pressure of monolayer lipids Langmuir-Blodgett technique has been used.
It is an automated controlled film balance apparatus (KSV Langmuir Mini-trough, KSV Instruments
Ltd., Helsinki, Finland) equipped with a platinum Wilhelmy plate. This instrument was used to collect
the surface pressure-area isotherms. The trough was filled with deionised water or PBS solution as
appropriate. The substances were prepared at fixed total concentration of 1 mg/mL of lipid in
chloroform. 20 pL of solution was dropped on to the air/water interface with a Hamilton
micro-syringe. The monolayer was left for 15 min to allow chloroform to evaporate. Then constant rate
compression of 10 mm/min was performed on the monolayer molecules until collapse of the
monolayer lipid. An external water bath circulation system maintained constant temperature of 20 °C
for the subphase. To analyse the data KSV software (KSV Instruments Ltd., Helsinki, Finland)
was used.

2.9. Statistical Analysis

Means and standard deviation were calculated for all experiments. The one-way analysis of
variance (ANOVA) was performed on all data to determine statistical significance. The statistical
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significance determined to 0.05 confidence intervals (P < 0.05). To compare the difference of
significance of different conditions Tukey’s post hoc test was performed.

3. Results
3.1. Molecular Packaging of Lipids: The Role of Lipid Structure and Electrolytes

The Langmuir-Blodgett trough was used to investigate pure and mixed lipid monolayers for their
interactions within the monolayer in the aqueous sub-phase of either dH,O or PBS to consider the
translation of these studies into liposomal systems as has been previously outlined [17]. Pressure-area
(m-A) isotherms are shown in Figure 2. The extrapolated (to zero pressure) area per molecule and
collapse pressure for the individual lipids, in either a water or PBS subphase, and also for 1:1 lipid
mixtures are shown in Table 1. For the latter, the ideal extrapolated area per molecule was calculated
based on taking the average area for the lipid combination, such that the calculated area could be
compared to the actual area per molecule of the mixture. Deviations between the experimentally
observed and the calculated ideal area may be considered as the measure of interactions between the
mixed components since the experimentally observed area depends on the intermolecular forces
between the lipids in the mixed monolayer. Negative deviations (where the experimental area is less
than the ideal calculated area per molecule) indicate attractive interactions occurring between the lipids
whilst positive deviations indicate repulsive interactions.

Figure 2. Compression isotherm studies of the pure and mixture of lipid monolayers of
DOPE:DOTAP, DSPE: DOTAP,DOPE:DSTAP and DSPE:DSTAP in deionised water or
PBS at 20 °C. Results are expressed as the means of three experiments. SD has not shown
for clarity.
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Table 1. The experimental extrapolated area and area compressibility of mixed and pure
monolayers at the air/aq media interface at 20 °C in dH,O or PBS as sub-phase. Results
denote mean + SD, n = 3.

Extrapolated Ideal Extrapolated Deviation from Collapse Pressure
Lipid Area (A*Molecule) Area (A*/Molecule) Ideality (%) (mN/m)
dH20 PBS dH20 PBS dH20 PBS dH20 PBS

DOPE 71.9+6.0 70.6 £7.7 - - - - 423+04 422+2.6
DOTAP 104.3+£12.9 93.4+10.1 - - - - 295+1.5 42.1+09
DSPE 47.6+0.5 45.7+£23 - - - - 55.7+0.5 53.5+£1.0
DSTAP 532425 53.0£2.1 - - - - 50.3+3.1 559+0.8
DOPE:DOTAP 89.7+6.5 81.3+53 88.1 82.0 +1.8 -0.9 384£15 42.7+0.9
DOPE:DSTAP 81.6+0.6 87.4+1.6 62.6 61.8 +30.5 +41.4 38.8+23 36.1+2.4
DSPE:DOTAP 80.6£1.5 91.7+1.4 75.9 69.5 +6.1 +31.9 37.7+£0.3 345+0.7
DSPE:DSTAP 46.4+0.7 48.6+0.2 50.4 49.3 -1.9 -1.5 529+13 544+12

Considering the single component monolayers formed on dH,O, the extrapolated area per molecule
for each of the 4 lipids was in the order of DOTAP > DOPE > DSTAP > DSPE (Table 1) with the
cationic lipids (DOTAP and DSTAP) having a larger area per molecule than their comparable
zwitterionic counterparts (DOPE and DSPE respectively; Table 1). The cationic lipids also formed
liquid-expanded monolayers (Figure 2A) with lower collapse pressures than their PE counterparts
(Table 1). Comparison between the saturated and unsaturated lipids, show that the saturated lipids are
able to pack together closer in a solid monolayer than their unsaturated counter parts (Figure 2A) with
DOTAP having approximately twice the measured molecular area compared to DSTAP
(104 vs. 53 A*/molecule ; Table 1). Due to their closer packaging arrangement, the saturated lipids also
display a higher collapse pressure and a more rigid monolayer than their unstaturated counterparts
(Table 1 and Figure 2A). Formation of these monolayers on PBS rather than dH,O made no notable
difference in the measured area per molecule; however this leaded to an increased collapse pressure in
the case of the cationic lipid monolayers, particularly in the case of DOTAP which increased from
29.5 to 42.1 mN/m (Table 1 and Figure 2B). This resulted in their being no significant difference in
collapse pressures between the cationic and zwitterionic lipid monolayers when formed in PBS
(Table 1).

When prepared as mixed monolayers at a 1:1 molar ratio (as is commonly adopted in lipoplexes)
the extrapolated area per molecule for the combinations was in the order of
DOPE:DOTAP > DOPE:DSTAP ~ DSPE:DOTAP > DSPE:DSTAP with the combination of two
unsaturated lipids gave the highest mean molecular area whilst the fully saturated mixture
(DSPE:DSTAP) had a smaller mean molecular area of 46 A® per molecule (Table 1), and formed a
solid monolayer similar to the individual components (Figure 2). Of the 4 mixed monolayer, this
monolayer also had the highest collapse pressure (52.9 + 1.3 mN/m; Table 1). When the dH,O
subphase was replaced with PBS, there was a notable increase in the extrapolated area per molecule for
DSPE:DOTAP suggesting the presence of buffer salts was inhibiting the packaging of the monolayer
yet the collapse pressures were not influenced by the change in subphase (Table 1).

Considering the deviation from ideality (Table 1), which can be used to monitor molecular
interactions between the molecules in the mixed monolayers, those lipid monolayer contains either
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both saturated (DSPE:DSTAP) or both unsaturated (DOPE:DOTAP) lipids the deviation is minimal
irrespective of the choice of subphase (Table 1) suggesting there was no condensing effect occurring in
either type of monolayer. In contrast, for the monolayers combining a saturated and an unsaturated
lipid (DOPE:DSTAP or DSPE:DOTAP) there is large positive deviations from the calculated mean
area particularly when PBS was used as the subphase, suggesting the lipids in these mixed monolayers
packed in a more expanded arrangement than was predicted, particularly when the systems were in
PBS as the deviation was >30% for both DOPE:DSTAP and DSPE:DOTAP (Table 1). However these
differences do not translate into changes in collapse pressures, with both mixed monolayers having the
same collapse pressures in dH,O as they did in PBS (Table 1).

Saturated long chain lipids often displace strong attractive intermolecular interactions and this is
supported by the small molecular area and high collapse pressure of the saturated monolayer and this
might suggest that the DSPE:DSTAP combination could give a strong low permeability liposome
system, as has previously been shown with water soluble drugs entrapped within vesicles [24—-26].
However in the case of unsaturated lipids, these lipids are more bulky (as shown by their larger
molecular area; Table 1) with a less densely packed arrangement that can cause a more permeable
liposome bilayer with higher release profile of entrapped drug compared to saturated
monolayers [17,27].

From these results, it would suggest that the use of a fully saturated system promotes the higher
packing density of lipids with high collapse pressure and which may promote a more rigid liposome
system. In contrast, liposomes formed in PBS from lipid mixtures containing unsaturated lipid(s) in the
mixture (either the helper lipid or the cationic lipid) could result in liposomes with less rigid bilayers
(Table 1 and Figure 2). However given lipoplexes require both stability on storage and fusogenic
properties, the consideration of how such bilayer attributes translate into liposome formulation and
transfection attributes was considered.

3.2. The Effect of Alkyl Chain and Electrolytes on the Characteristics of Lipoplexes

To investigate the lipid properties on the lipoplex attributes, we attempted to formulate SUV based
on the above combinations i.e., DOPE:DOTAP, DOPE:DSTAP, DSPE:DOTAP and DSPE:DSTAP
SUV formulated in distilled water or PBS and mixed with plasmid DNA (gWiz™ Luciferase) at a
range of concentrations (2.5, 25, 50, 100, 200 and 1600 pg). Of the four combinations, it was not
possible to formulate DSPE:DSTAP liposomes, suggesting that whilst this combination can form a
closely packaged solid monolayer this could not be translated into a liposomal bilayer. Similarly
DSPE:DOTAP liposomes could only be formed in dH,O and not in PBS.

As mentioned, saturated lipids often display strong attractive intermolecular forces which can make
hydration and dispersion in water difficult [28,29], hence the difficulty in formulating liposomes form
DSPE:DSTAP. The introduction of double bonds into the lipid tail (i.e., replacement of DSPE with
DOPE or DSTAP with DOTAP) results in a less compact system which is easier to disperse in water
[29]. The inability of DSPE:DOTAP to form vesicles in PBS might be due to the effect of salt on
critical packaging parameter (CPP) of the lipid which is depended on length of hydrocarbon chain,
volume of hydrophobic part and the surface area per molecule [28,29]. Dispersion of lipid molecules in
the water may lead to different structures such as micelles, inverted micelles, hexagonal, lamellar or
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cubic phase as well as liquid crystalline with CPP being a useful predictor of the structures formed.
The desired CPP shape for lipids to form liposomes is a truncated cone shape (a CPP of between 2 and
1) however studies show that liposomes can form from lipids which individually do not have the
truncated cone shape, but when combined are able to appropriately package [28-30]. In the case of
DSPE:DOTAP, in water the molecular shape of DOTAP (with its large tail area and cationic
head-group) may be able to compensate for the smaller DSPE molecular volume, however in the
presence of buffer this can reduce the electrostatic nature of the DOTAP headgroup [29], therefore
changing the ‘shape’ of the molecule which means it is not able to compensate for DSPE thus
prohibiting the formation of liposomes.

3.2.1. Vesicle Size and Zeta Potential of Liposomes and Lipoplexes

All five of the liposome formulations gave high DNA complexation across the DNA concentration
range tested (Figure 3) with % DNA association being >95% in all cases showing all systems were
able to electrostatically interact with the DNA as would be expected. However the effect this
complexation had on the formed lipoplexes was dependent on the lipid combination and the choice of
aqueous buffer (Figure 4).

In all formulations, vesicle size increased with increasing DNA concentration suggesting
aggregation of the system due to what has previously been attributed to a bridging effect [31] and/or a
re-organisation of the system [32—35] which is highly dependent on the +\— charge ratio [36]. With the
DOPE:DOTAP formulation, the presence of the buffer salts in PBS made no significant difference in
vesicle size, except for the highest DNA concentration tested; lipoplexes were around 300 nm if
formulated in water compared to ~1800 nm when prepared in PBS (Figure 4). In the case of the
DOPE:DSTAP lipoplexes, the presence of PBS was shown to significantly (p < 0.05) increase the size
of the lipoplexes at all DNA concentrations and of the 4 formulations, DOPE:DSTAP in PBS gave the
largest lipoplexes (Figure 4). Previous research has also shown the size of the liposomes can increase
to double the size in the presence of PBS as the phosphate group of the PBS can perform as glue and
increase the vesicle size by bridging the cationic polar heads of the lipid [21]. Another study reveals
cationic liposomes have a higher tendency to aggregation when there is salt in the formulation due to
the reduced electrostatic interactions between systems and consequently more aggregation and larger
vesicles formed [37]. The difference in size between the formulations may be again due to the
molecular packaging of the lipids, as more rigid assemblies, such as those formed from saturated
cationic lipids, have been shown to preclude efficient re-organisation of this system, causing
aggregation of large particles to form with lower transfection efficacy presumably due to reduced
internalisation [29].

Zeta potential studies of the systems were used to estimate the level of interaction between negative
charges of DNA and positive charges of cationic lipid [38]. As this electrostatic interaction is one of
the basic components of DNA complexation, and the net charge of lipoplexes is important for
overcoming cell barriers [30,39], zeta potential studies were performed to determine the surface charge
of the lipoplex. Results illustrate that increasing the amount of DNA over the range used had little
effect on the cationic nature of the lipoplexes when formulated in dH,O, presumably due to the high
cationic/anionic charge ratio (Figure 4). However in PBS, the neutralising effect of the buffer
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electrolytes on the zeta potential can be seen, particularly for DOPE:DSTAP, where the zeta potential
reduce from =+60 mV in distilled water formulations to =+30 mV and less in PBS formulations.

Figure 3. DNA association within lipoplexes of DOPE:DOTAP, DOPE:DSTAP,
DSPE:DOTAP in distilled water and PBS and in various concentrations of DNA. Results
denote mean + SD, n = 3.
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Figure 4. Vesicle size (A) and Zeta potential (B) of DNA lipoplexes of DOPE:DOTAP,
DOPE:DSTAP, DSPE:DOTAP in distilled water and PBS and in various concentrations of
DNA. Results denote mean = SD, n = 3.
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The electrostatic interaction between positive charges of the cationic liposome and negative charges
of phosphate groups of DNA are reported as the main interaction in formation of lipoplexes [21,31].
Some other researchers add that packing properties of the lipids used in the formulation of lipoplexes
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may also play a role in condensation of the nucleic acid [40,41]. However, as it has been shown in
Figure 4 and previously Ciani et al., [31] also demonstrated that the zeta potential of the lipoplexes are
close to the zeta potential value of the pure liposomes at lower DNA concentrations (P > 0.05,
ANOVA). They concluded that half of cationic molecules of the liposome are involved in the
electrostatic interaction. These molecules are external lipids which are located on the surface of the
liposome and when the liposome has been wrapped by DNA, the internal cationic lipids remain intact
[31]. The effect of the buffer electrolytes in reducing the cationic charge of the lipoplexes can be due
to the additional effect of phosphate polyanion in PBS, which reduces the positive charge of cationic
lipids and in some cases results in their precipitation [42] however a reduction in surface charge may
be beneficial to allow appropriate DNA dissociation from the lipoplex after cellular uptake to allow the
DNA to reach to the nucleus [43].

3.3. In Vitro Transfection Efficiency

The five liposome formulations were tested for their ability to promote transfection, with
DOPE:DSTAP in PBS showing the highest transfection levels (Figure 5). Transfection efficiency of
lipoplexes formulated in water were in the order of DOPE:DSTAP > DSPE:DOTAP = DOPE:DOTAP,
and DOPE:DSTAP > DOPE:DOTAP when formulated in PBS (Figure 5A). This variation in
transfection efficacy was not related to cytotoxicity given that at the concentrations tested there was no
significant difference between the formulations (Figure 5B).

In general, decreasing the hydrocarbon chain length has been reported to increase transfection
efficiency [44,45], however, given both lipids have the same carbon chain length, this case cannot be a
reason for the variation in transfection efficiency shown in Figure 5. Equally the size, charge and
cationic lipid/DNA ratio have all been attributed to play a role in controlling transfection [47-50]
however in the case of DSTAP and DOTAP liposomes, neither the size nor the charge of the system
seem to correlate to its higher transfection efficacy given it is neither obviously different in size (e.g.,
DOPE:DOTAP and DOPE:DSTAP in dH,O are similar in size but have large differences in
transfection efficacy) nor significantly different in cationic nature than the other formulations
(Figure 4). Similarly both systems contain the fusogenic lipid DOPE which may enhance intracellular
delivery of DNA [29]. The theory of using helper lipid comes from the original research of Flenger et
al., in 1987 [46]. They demonstrated that the transfection activity of DOTMA when formulated with
DOPE is more than when is formulated with DOPC and it has been proposed that the ability DOPE to
promote the transition from lamellar phase to an inverted hexagonal phase [39] thereby promoting the
conversion of the lamellar lipoplex phase into a non-lamellar structure due to the inverted cone-shaped
structure of DOPE [14,44,47,48]. After endosomal uptake of the lipoplexes, the presence of DOPE in
the formulation is suggested to aid distruption of endosomal membrane, allowing the release of the
DNA from the endosome and the lipoplex, leaving it free it to enter the nucleus [11,31]. However in
this study, lipoplexes formulated with DOPE:DOTAP and DSPE:DOTAP showed no significant
difference in transfection levels suggesting that DSPE may be equally suitable as a helper lipid for
unsaturated cationic lipids but not useful when combined with saturated lipids.
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Figure 5. (A) Comparison of transfection efficiency of five cationic liposomes formulated
with distilled water or PBS. Results denote mean = SD, n = 3. (B) Relative cell viability of
five cationic liposomes formulated with distilled water or PBS. Results denote mean + SD,
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4. Conclusions

Monolayer studies on pure lipids as well as mixture of lipids showed that saturated lipids have
closer packaging arrangements than their unsaturated counterparts. Whilst the use of lipids that form
condensed monolayers may be beneficial in formulating low permeability bilayers, lipid combinations
that form highly compact monolayers are not a suitable choice for the formulation of liposomes. In
terms of transfection efficacy, neither considering the molecular packaging of the lipoplex, nor its
basic physicochemical attributes, have been shown to correlate with transfection efficacy with several
general assumptions being shown to be misleading in our studies, this includes the need for the
fusogenic lipid DOPE to promote high transfection efficacy. Similarly, the role of electrolytes in
lipoplex formulations is shown to be dependent on the formulation, with PBS diminishing the
transfection of DSTAP systems yet enhancing DOTAP based lipoplexes. Therefore there remains no
clear physico-chemical screening that can be adopted to predict in vitro efficacy. Combining this with
the lack of in vitro and in vivo efficacy that plagues non-viral delivery systems suggests that for the
continued development of non-viral transfection agents, new tools are needed to rationalise
these differences.

Conflict of Interest

The authors declare no conflict of interest.



Pharmaceutics 2011, 3 861

References

10.

11.

12.

13.

14.

15.

Sulivan, S.M. Inroduction to gene therapy and guidlines to pharmaceutical development. In
Pharmaceutical Gene Delivery, 1st ed.; Rolland, A., Sulivan, S.M., Eds.; Marcel Decker, Inc:
New York, NY, USA, 2003.

Vassaux, G.; Nitcheu, J.; Jezzard, S.; Lemoine, N.R. Bacterial gene therapy strategies. J. Pathol.
2006, 208, 290-298.

Al-Dosari, M.S.; Gao, X. Nonviral gene delivery: Principle, limitations, and recent progress.
AAPS J. 2009, 11, 671-681.

Lul, V.W.; Haung, L. Nonviral approaches for cancer gene therapy. In Pharmaceutical Gene
Delivery Systems, 1st ed.; Rolland, A., Sulivan, S.M., Eds.; Marcel Dekker, Inc.: New York, NY,
USA, 2003; pp. 279-319.

Gregoriadis, G.; Bacon, A.; Caparros-Wanderley, W.; McCormack, B. A role for liposomes in
genetic vaccination. Vaccine 2002, 20 (Suppl 5), B1-B9.

Perrie, Y.; McNeil, S.; Vangala, A. Liposome-mediated DNA immunisation via the subcutaneous
route. J. Drug Target. 2003, 11, 555-563.

Zabner, J. Cationic lipids used in gene transfer. Adv. Drug Deliv. Rev. 1997, 27, 17-28.

Bedi, D.; Musacchio, T.; Fagbohun, O.A.; Gillespie, J.W.; Deinnocentes, P.; Bird, R.C;
Bookbinder, L.; Torchilin, V.P.; Petrenko, V.A. Delivery of sirna into breast cancer cells via
phage fusion protein-targeted liposomes. Nanomedicine 2011, 7, 315-323.

Wang, T.; Upponi, J.R.; Torchilin, V.P. Design of multifunctional non-viral gene vectors to
overcome physiological barriers: Dilemmas and strategies. Int. J. Pharm. 2011,
doi:10.1016/j.ijpharm.2011.07.013.

Gjetting, T.; Andresen, T.L.; Christensen, C.L.; Cramer, F.; Poulsen, T.T.; Poulsen, H.S. A simple
protocol for preparation of a liposomal vesicle with encapsulated plasmid DNA that mediate high
accumulation and reporter gene activity in tumor tissue. Results Pharm. Sci. 2011,
doi:10.1016/j.rinphs.2011.08.001.

McNeil, S.E.; Vangala, A.; Bramwell, V.W.; Hanson, P.J.; Perrie, Y. Lipoplexes formulation and
optimisation: In vitro transfection studies reveal no correlation with in vivo vaccination studies.
Curr. Drug Deliv. 2010, 7, 175-187.

Congiu, A.; Pozzi, D.; Esposito, C.; Castellano, C.; Mossa, G. Correlation between structure and
transfection efficiency: A study of dc-chol-dope/DNA complexes. Colloids Surf. B: Biointerfaces
2004, 36, 43-48.

McNeil, S.E.; Perrie, Y. Gene delivery using cationic liposomes. Expert Opin. Ther. Pat. 2006,
16, 1371-1382.

McNeil, S.E.; Perrie, Y. Effect of the liposomal morphological phase and liposome-DNA
complex size on in vitro DNA transfection. J. Pharm. Pharmacol. 2007, 59, A33—-A34.

Davidsen, J.; Rosenkrands, I.; Christensen, D.; Vangala, A.; Kirby, D.; Perrie, Y.; Agger, EM.;
Andersen, P. Characterization of cationic liposomes based on dimethyldioctadecylammonium and
synthetic cord factor from m. Tuberculosis (trehalose 6,6'-dibehenate)-a novel adjuvant inducing
both strong cmi and antibody responses. Biochim. Biophys. Acta 2005, 1718, 22-31.



Pharmaceutics 2011, 3 862

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Yan, W.; Huang, L. The effects of salt on the physicochemical properties and immunogenicity of
protein based vaccine formulated in cationic liposome. Int. J. Pharm. 2009, 368, 56—62.
Moghaddam, B.; Ali, M.H.; Wilkhu, J.; Kirby, D.J.; Mohammed, A.R.; Zheng, Q.; Perrie, Y. The
application of monolayer studies in the understanding of liposomal formulations. Int. J. Pharm.
2011, 417, 235-244.

Liu, L.; Zern, M.A.; Lizarzaburu, M.E.; Nantz, M.H.; Wu, J. Poly(cationic lipid)-mediated in vivo
gene delivery to mouse liver. Gene Ther. 2003, 10, 180—187.

Li, D.; Li, G.; Li, P.; Zhang, L.; Liu, Z.; Wang, J.; Wang, E. The enhancement of transfection
efficiency of cationic liposomes by didodecyldimethylammonium bromide coated gold
nanoparticles. Biomaterials 2010, 31, 1850-1857.

Guo, W.; Lee, R.J. Efficient gene delivery using anionic liposome-complexed polyplexes (Ipdii).
Biosci. Rep. 2000, 20, 419-432.

Ciani, L.; Casini, A.; Gabbiani, C.; Ristori, S.; Messori, L.; Martini, G. Dotap/dope and
dc-chol/dope lipoplexes for gene delivery studied by circular dichroism and other biophysical
techniques. Biophys. Chem. 2007, 127, 213-220.

Perrie, Y.; Frederik, P.M.; Gregoriadis, G. Liposome-mediated DNA vaccination: The effect of
vesicle composition. Vaccine 2001, 19, 3301-3310.

Bangham, A.D.; Standish, M.M.; Watkins, J.C. Diffusion of univalent ions across the lamellae of
swollen phospholipids. J. Mol. Biol. 1965, 13, 238-252.

Hac-Wydro, K.; Wydro, P. The influence of fatty acids on model cholesterol/phospholipid
membranes. Chem. Phys. Lipids 2007, 150, 66—81.

Hac-Wydro, K.; Wydro, P.; Dynarowicz-Latka, P. A study of the interaction between
dialkyldimethylammonium bromides and tri-n-octylphosphine oxide (topo) in mixed monolayers
at the air/water interface. J. Colloid Interface Sci. 2004, 278, 206-214.

Hac-Wydro, K.; Wydro, P.; Jagoda, A.; Kapusta, J. The study on the interaction between
phytosterols and phospholipids in model membranes. Chem. Phys. Lipids 2007, 150, 22—34.

Ali, M.H.; Kirby, D.J.; Mohammed, A.R.; Perrie, Y. Solubilisation of drugs within liposomal
bilayers: Alternatives to cholesterol as a membrane stabilising agent. J. Pharm. Pharmacol. 2010,
62, 1646—-1655.

Israelachvili, J.N.; Mitchell, D.J.; Ninham, B.W. Theory of self-assembly of lipid bilayers and
vesicles. Biochim. Biophys. Acta 1977, 470, 185-201.

Israelachvili, J.N.; Mitchell, D.J. A model for the packing of lipids in bilayer membranes.
Biochim. Biophys. Acta 1975, 389, 13—19.

Wasungu, L.; Hoekstra, D. Cationic lipids, lipoplexes and intracellular delivery of genes. J.
Control. Release 2006, 116, 255-264.

Ciani, L.; Ristori, S.; Salvati, A.; Calamai, L.; Martini, G. Dotap/dope and dc-chol/dope
lipoplexes for gene delivery: Zeta potential measurements and electron spin resonance spectra.
Biochim. Biophys. Acta 2004, 1664, 70-79.

Huebner, S.; Battersby, B.J.; Grimm, R.; Cevc, G. Lipid-DNA complex formation:
Reorganization and rupture of lipid vesicles in the presence of DNA as observed by cryoelectron
microscopy. Biophys. J. 1999, 76, 3158-3166.



Pharmaceutics 2011, 3 863

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Elouahabi, A.; Ruysschaert, J.M. Formation and intracellular trafficking of lipoplexes and
polyplexes. Mol. Ther. 2005, 11, 336-347.

Tarahovsky, Y.S.; Koynova, R.; MacDonald, R.C. DNA release from lipoplexes by anionic lipids:
Correlation with lipid mesomorphism, interfacial curvature, and membrane fusion. Biophys. J.
2004, 87, 1054-1064.

Weisman, S.; Hirsch-Lerner, D.; Barenholz, Y.; Talmon, Y. Nanostructure of cationic lipid-
oligonucleotide complexes. Biophys. J. 2004, 87, 609—614.

Zuhorn, 1.S.; Engberts, J.B.F.N.; Hoekstra, D. Gene delivery by cationic lipid vectors:
Overcoming cellular barriers. Eur. Biophys. J. Biophys. Lett. 2007, 36, 349-362.

Wasan, E.K.; Harvie, P.; Edwards, K.; Karlsson, G.; Bally, M.B. A multi-step lipid mixing assay
to model structural changes in cationic lipoplexes used for in vitro transfection. Biochim. Biophys.
Acta 1999, 1461, 27-46.

Ma, B.C.; Zhang, S.B.; Jiang, H.M.; Zhao, B.D.; Lv, H.T. Lipoplex morphologies and their
influences on transfection efficiency in gene delivery. J. Control. Release 2007, 123, 184—194.
Uyechi-O'Brien, L.; Szoka, J.F. Mechanism for cationic lipids in gene transfer. In Pharmaceutical
Gene Delivery Systems, 1st ed.; Rolland, A., Sulivan, S.M., Eds.; Marcel Dekker, Inc.: New York,
NY, USA, 2003; pp. 79-108.

Akao, T.; Fukumoto, T.; Ihara, H.; Ito, A. Conformational change in DNA induced by cationic
bilayer membranes. FEBS Lett. 1996, 391, 215-218.

Bennett, E.P.; Hassan, H.; Mandel, U.; Mirgorodskaya, E.; Roepstorft, P.; Burchell, J.; Taylor-
Papadimitriou, J.; Hollingsworth, M.A.; Merkx, G.; van Kessel, A.G.; Eiberg, H.; Steffensen, R.;
Clausen, H. Cloning of a human udp-n-acetyl-alpha-d-galactosamine:Polypeptide
n-acetylgalactosaminyltransferase that complements other galnac-transferases in complete
o-glycosylation of the mucl tandem repeat. J. Biol. Chem. 1998, 273, 30472—-30481.

Li, L.H.; Hui, S.W. The effect of lipid molecular packing stress on cationic liposome-induced
rabbit erythrocyte fusion. Biochim. Biophys. Acta 1997, 1323, 105-116.

Zhdanov, R.L.; Podobed, O.V.; Vlassov, V.V. Cationic lipid-DNA complexes-lipoplexes-for gene
transfer and therapy. Bioelectrochemistry 2002, 58, 53—64.

McNeil, S.E.; Vangala, A.; Bramwell, V.W.; Hanson, P.J.; Perrie, Y. Lipoplexes formulation and
optimisation: In vitro transfection studies reveal no correlation with in vivo vaccination studies.
Curr. Drug Deliv. 2010, 7, 175-187.

Writer, M.; Hurley, C.A.; Sarkar, S.; Copeman, D.M.; Wong, J.B.; Odlyha, M.; Jayne Lawrence,
M.; Tabor, A.B.; McAnulty, R.J.; Ayazi Shamlou, P.; Hailes, H.C.; Hart, S.L. Analysis and
optimization of the cationic lipid component of a lipid/peptide vector formulation for enhanced
transfection in vitro and in vivo. J. Liposome Res. 2006, 16, 373-389.

Felgner, P.L.; Gadek, T.R.; Holm, M.; Roman, R.; Chan, HW.; Wenz, M.; Northrop, J.P.;
Ringold, G.M.; Danielsen, M. Lipofection: A highly efficient, lipid-mediated DNA-transfection
procedure. Proc. Natl. Acad. Sci. USA 1987, 84, 7413-7417.

Aljaberi, A.; Spelios, M.; Kearns, M.; Selvi, B.; Savva, M. Physicochemical properties affecting
lipofection potency of a new series of 1,2-dialkoylamidopropane-based cationic lipids. Colloids
Surf. B Biointerfaces 2007, 57, 108—117.



Pharmaceutics 2011, 3 864

48. Caracciolo, G.; Pozzi, D.; Caminiti, R.; Marchini, C.; Montani, M.; Amici, A.; Amenitsch, H.
Transfection efficiency boost by designer multicomponent lipoplexes. Biochim. Biophys. Acta
2007, 1768, 2280-2292.

© 2011 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article
distributed under the terms and conditions of the Creative Commons Attribution license
(http://creativecommons.org/licenses/by/3.0/).



