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bstract

Characteristics and physical stability of luciferase plasmid (pLuc) entrapped in cationic bilayer vesicles prepared from various molar ratios of
mphiphiles (DPPC, Tween61 or Span60), cholesterol (Chol) and cationic charge lipid (DDAB) were investigated. The cationic liposomes were
omposed of DPPC/Chol/DDAB in the molar ratio of 7:2:1. The cationic (Tween61 or Span60) niosomes were composed of Tween61/Chol/DDAB
r Span60/Chol/DDAB in the molar ratio of 1:1:0.05. The maximum loading of pLuc was 15.29, 22.70, and 18.92 �g/mg of the total lipids
r surfactants of liposomes, Tween61 and Span60 niosomes, respectively. The morphology of the vesicles showing multilamellar structure was
haracterized by transmission electron microscope (TEM). The particle sizes of the vesicles in nanosize range (160–850 nm) were determined by
hoton Correlation Spectroscopy (PCS). Gel electrophoresis and gel documentation were modified to determine the entrapment efficiency of pLuc

n cationic bilayer vesicles. The cationic bilayer vesicles gave the pLuc entrapment efficiency of 100%. The pLuc entrapped in cationic liposomes
xhibited higher stability than pLuc in solution and pLuc entrapped in cationic Tween61 or Span60 niosomes, when stored at 4, 30 and 50 ◦C for 8
eeks. After 8 weeks at 4 ◦C, pLuc contents remained in cationic liposomes was 2 and 3 times higher than cationic Span60 and Tween61 niosomes,

espectively. After 3 weeks, 50 and 2% of pLuc was remained in cationic liposomes at 30 and 50 ◦C respectively, whereas all pLuc in cationic Span

0 and Tween61 niosomes were degraded within 2 and 1 week, respectively. At 30 and 50 ◦C, pLuc in an aqueous solution or in bilayer vesicular
ormulations were not in a stable supercoil form. This study has indicated that the stability of pLuc can be enhanced by entrapping in cationic
iposomes more than in niosomes. Higher temperature with increase storage time can affect the stability of pLuc even entrapped in bilayer vesicles.

2008 Elsevier B.V. All rights reserved.
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. Introduction

Plasmid DNA has the limitation to use as therapeutic agents
ue to its less stability, especially susceptibility to heat and enzy-
atic degradation. DNA delivery systems are required not only

o carry the gene to the target, but also for the protection of its
tability as well. A number of approaches has been introduced to
nhance the cytoplasmic and nuclear delivery of plasmid DNA,

or examples, transfer of naked DNA by needle injection or elec-
roporation (Zhang et al., 2002; Nishikage et al., 2004; Wolff and
ladimir, 2005), and the use of bilayer vesicles such as lipo-
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trapment efficiency

omes or niosomes (Kikuchi et al., 1999; Domashenko et al.,
000; Torchilin et al., 2003; Congiu et al., 2004; Jensen, 2004;
atil et al., 2004; Tokunaga et al., 2004). Liposomes are mem-
rane bound spherical vesicles. Cationic liposomes represent
s one of the most widespread non-viral transfection systems
or gene delivery. Niosomes, non-ionic surfactant vesicles, are
nexpensive alternatives of liposomes. Niosome possesses all
he advantages of liposomes, but has superior of low cost, great
tability, and ease of storage (Hao et al., 2002; Shahiwala and

isra, 2002; Manosroi et al., 2003). The transfer of specific
enes into cells is a vital procedure for gene functions and ther-
pies. Gene delivery by bilayer vesicles is convenient and safer

han the viral methods. Some viral vectors may cause tumor
n the recipients. Although the efficiency and specificity of
ilayer vesicular systems are not high, they offer advantages
ver the viral delivery systems of being completely biodegrad-

mailto:pmpti005@chiangmai.ac.th
dx.doi.org/10.1016/j.ijpharm.2008.01.001
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ble, less toxic, less immunogenic and activating lower levels of
omplement than the viral vectors. Bilayer vesicles can trans-
er larger DNA molecules, simpler to use, less expensive and
ase to produce, and can be administered efficiently and safely.
hese vesicles are expected to be one of the potential deliv-
ry system candidates for in vivo gene therapy. Development
f reliable bilayer vesicular formulations is needed for DNA
elivery. Kikuchi et al. (1999) reported a freeze dried empty
iposomes (FDELs) method. This method does not expose DNA
o high temperature of solvent evaporation and lyophilization,
hereby reducing the risk of DNA degradation. Various sizes of
NA can be entrapped and stabilized in liposomes. Surfactant
esicle-mediated delivery of DNA vaccines have been reported
Perrie et al., 2004), suggesting that DNA can be effectively
ntrapped in a range of lipid and non-ionic based vesicular for-
ulations. Luciferase plasmid (pLuc) has been widely used as

he model gene for DNA delivery (Kikuchi et al., 1999; Congiu
t al., 2004; Tokunaga et al., 2004). Although stability is one
f the most concern parameters, only few stability studies of
uch plasmid have been reviewed. Hong et al. (1997) reported
hat condensing pLuc with polyamines prior to entrap in the
iposome formulation DOPE/DDAB (1:1), resulting in the sta-
le plasmid for 1 month at 4 ◦C. Sustained release of pLuc
as also studied in lipid microtube-hydrogel delivery system

or 50 days (Meilander et al., 2003). Concerning the stability
f pLuc entrapped in bilayer vesicles, only few studies have
eported on niosomes as gene delivery. Polyethyleneglycolated
ationic niosomes, composed of DC-Chol, PEG2000-DSPE and
he non-ionic surfactant-Span® have been studied for gene car-
ier in terms of their stable properties in storage as well as low
ost materials (Huang et al., 2007). Niosomes encapsulating
lasmid DNA encoding for HBsAg were prepared and char-
cterized in comparing to liposomes (Vyas et al., 2005). They
ound that encapsulation of plasmid DNA within vesicular carri-
rs (liposomes and niosomes) resulted in better immunological
esponse in comparison to topically applied naked plasmid DNA
ecause of the enhanced permeation of the encapsulated plas-
id across the intact skin. However, study on thermal stability of

he entrapped plasmid DNA in liposomes and niosomes has not
een reported and compared. Our previous study has indicated
hat liposomes can protect the thermal labile drug, amphotericin

from high temperature storage (Manosroi et al., 2004a). Since
NA has the limitation for chemical and thermal stability and

emperature is one of the important factors for DNA degrada-
ion (Bauer et al., 2003; Alexander et al., 2004), the thermal
tability of the entrapped plasmid DNA in cationic liposomes
nd niosomes were investigated in this present study. The best
ationic bilayer vesicles which provide the best stability of pLuc
ill be selected for further investigation of plasmid transfection

fficiency in cell lines.

. Materials and methods
.1. Materials

pLuc was obtained from Boehringer Ingelheim (BII), Ger-
any. It was propagated by transformation in Escherichia coli

w
(
u
l
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H5� and purified using a QIAGEN purification kit (Qiagen
mbH, Hilden, Germany). The amount of pLuc was deter-
ined by gel electrophoresis using gel document apparatus

nd a spectrophotometry (Milton Roy spectronic Genesys 5).
-alpha-dipalmitoyl phosphaditylcholine (DPPC, 99.6%) was
rom Nikko Company, Japan. Cholesterol (Chol, 99.6%), and
imethyl dioctadecyl ammonium bromide (DDAB), a cationic
ipid, were purchased from Sigma Co. (St. Louis, MO, USA)
nd used without further purification. Tween61 (polyoxyethy-
ene sorbitan monostearate) and Span60 (sorbitan monosterate)
ere from Sigma Co. All other chemicals were analytical
rade.

.2. Preparation of cationic lyophilized empty bilayer
esicles by the FDEL method

The cationic liposomes were composed of DPPC/Chol/
DAB in the molar ratio of 7:2:1 (Manosroi et al., 2004a;
anosroi et al., 2004b). The cationic niosomes were composed

f Span60/Chol/DDAB and Tween61/Chol/DDAB in the molar
atio of 1:1:0.05. The concentration of the lipids or surfactants
ixture were 20 mM. All cationic bilayer vesicles were prepared

y FDEL method (Kikuchi et al., 1999). Briefly, lipids or sur-
actants together with cholesterol and the cationic lipid (DDAB)
ere dissolved in chloroform. The solvent was removed by a

otary evaporator (R-124 Buchi, Switzerland) to get a thin film.
he film was dried by evacuation in a desiccator under reduced
ressure for over 12 h. The 9% sucrose aqueous solution was
dded to the film to obtain a dispersion, which was further
welled by swirling in a water bath at 60 ± 5 ◦C for 30 min.
he resulting dispersion was sonicated by a microtip probe son-

cator (Vibra CellTM, Sonics & Materials, Inc., Newtown, CT,
SA) at pulse on 3.0 and pulse off 2.0, 33% amplitude, for
5 min. The dispersion was then lyophilized by a freeze-dryer
Alpha 1-2 LD model Christ, Germany), and kept at 4 ◦C until
se.

.3. Entrapment of pLuc in cationic bilayer vesicles

An aqueous solution of pLuc 10 �g was added to various
mount of lyophilized cationic bilayer vesicle powder in order
o obtained the maximum loading of pLuc. The lipoplex was
ormed by gently mixing with hands for 10 min at room tem-
erature (30 ◦C). The resulting lipoplex was in white dispersion
ith no precipitation.

.4. Determination of entrapment efficiency and maximum
oading of pLuc in bilayer vesicles

The initial amount of pLuc was 0.1 �g. The entrapped pLuc
ontents in cationic bilayer vesicles were assayed by gel elec-
rophoresis and gel documentation (Universal Hood, BioRad
aboratories, Milan, Italy). Five microliters of each lipoplex

as loaded into each well of agarose gel using 1 kb ladder

NEB, Frankfurt, Germany) as a molecular weight laddder. The
nentrapped pLuc determined from the band located the same
evel as the standard pLuc, while the entrapped pLuc remained
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t the site of application. The amount of pLuc entrapped in
ationic bilayer vesicles was extracted by phenol/chloroform
Kikuchi et al., 1999) with some modification. Briefly, the pLuc
as extracted from the bilayer vesicular dispersion by adding
00 �l of phenol/cholroform/isoamyalcohol; P/C/IAA (25:24:1)
nto 100 �l of bilayer vesicular dispersion and then vortexed
nd pLuc in the water phase was collected and applied to gel
lectrophoresis, which was carried on a 0.8% agarose gel in
.5X TBE (0.04 M Tris–borate pH 8.0) buffer at constant volt-
ge (90 mV) for 30 min. The band density was determined by the
uantity One Program analysis by the gel documentation (Uni-
ersal Hood, BioRad Laboratories, Milan, Italy). Both native
lose circular (supercoil) form at the lower band and rarely
pen circular form at the upper band were determined. The
tandard pLuc calibration curve was constructed and the band
ensity was converted to the concentrations of pLuc. Percent-
ges of pLuc entrapped in bilayer vesicles were calculated from
he ratio of the amount entrapped in the vesicles to the initial
mount of pLuc and multiplied by 100. The maximum loading
f pLuc was the maximum amount (10 �g) of pLuc that can
e entrapped or complexed with the vesicles (i.e. until the free
Luc band was observed when the vesicular dispersion without
xtraction was loaded in the gel) per mg total lipids or surfactants
hich were 0.6540, 0.4405 and 0.5285 mg for cationic DPPC

iposomes, cationic Span60 niosomes and Tween61 niosomes,
espectively.

.5. Stability of pLuc entrapped in bilayer vesicles

An amount of 5 ml of bilayer vesicular formulation entrapped
ith pLuc was transferred to a clear glass-vial and kept at 4,
0, and 50 ◦C in a dark chamber for 8 weeks. Samples were
ithdrawn at predetermined time intervals (0, 1, 2, 3, 4, 6

nd 8 weeks), and the remaining pLuc in the vesicles was
etermined by gel electrophoresis and gel documentation as
reviously described in Section 2.4. The characteristics of the
ut and uncut pLuc extracted from the withdrawn samples were
ompared with the standard pLuc.

.6. Morphology, particle size and ζ potential
etermination

A drop of bilayer vesicular dispersion was applied on a 300-
esh formvar copper grid on paraffin and allow the sample to

dhere on the formvar for 10 min. The remaining dispersion was
emoved and a drop of 2% aqueous solution of uranyl acetate was
pplied for 5 min. The remaining solution was then removed.
he sample was air dried and examined with a transmission elec-

ron microscope (TEM 1200S JEOL, JEOL Ltd., Tokyo, Japan).
he morphology and lamellarity of the bilayer vesicles were
bserved. The diameter of bilayer vesicles containing and not
ontaining pLuc was measured in five individual runs at 25 ◦C
sing the non-negative constrained least squares (NNLS) algo-

ithm mode by the multimodal size distribution (MSD) analysis
n a zeta plus zeta potential analyzer (Brookhaven Instruments
orporation, New York U.S.A.). The ζ (zeta) potential of all

amples was obtained by the phase analysis light scattering

d
T
p
v
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PALS) software for data analysis, in ten individual runs. The
ime-dependent correlation function on the scattered light inten-
ity was measured at a scattering angle of 90◦. All samples
ere diluted to 500 �g lipid/ml with freshly filtrated millipore
ater.

. Results

.1. pLuc preparation

The prepared pLuc with the size of 5.5 kb was identified by
el electrophoresis. The concentrations of the purified pLuc were
n the range of 0.30–0.84 �g/�l. The standard uncut pLuc and
hat extracted from the bilayer vesicular formulations showed
wo bands of the native close circular (supercoil) form at the
ower band and the rarely open circular form at the upper band.
he purified cut plasmid when digested with EcoRI gave the

hree bands at 3.0, 1.8, and 0.7 kb which was identical to the
tandard pLuc from Boehringer Ingelheim (data not shown).
he transformation efficiency of pLuc in E. coli was between
.75 × 105 and 6.23 × 105 transformants/�g plasmid.

.2. Gel electrophoresis and gel documentation validation
or pLuc entrapment in bilayer vesicles

The density ratios of the lower band which was a stable
supercoil) form, to the upper band of pLuc were 5.34 ± 0.764,
ndicating about 5 times of higher density of the lower band
han the upper band. Thus, the density of the lower band was
sed to construct the standard curve to determine the percentages
f the entrapment of pLuc in all cationic bilayer vesicles. The
ood linear relationship (r2 = 0.9738) between concentrations
nd density of the lower band was obtained.

.3. Entrapment efficiency of pLuc in bilayer vesicles

For cationic liposomes (DPPC/Chol/DDAB at 7:2:1 molar
atio), the entrapped pLuc remained at the site of application in
el electrophoresis and no free pLuc band was observed since
Luc was bound tightly to the cationic lipid (DDAB) in the
iposomes, which were too large size to move in the gel. This
as indicated 100% entrapment efficiency of pLuc in cationic
iposomes (Fig. 1A). Cationic niosomes (Tween61/Chol/DDAB
nd Span60/Shol/DDAB at 1:1:0.05 molar ratio) with the
ntrapped pLuc gave similar results to the cationic liposomes
Fig. 1B–C). The maximum loading of pLuc at 15.29 �g
er mg of the total lipid was found in cationic liposomes,
hereas 22.70 �g per mg and 18.92 �g per mg were observed

n cationic Tween61 and cationic Span60 niosomes, respec-
ively. The extracted pLuc from the cationic liposomes and
ationic Tween61 niosomes showed three bands at 3.0, 1.8,
nd 0.7 kb which were identical to the standard pLuc when

igested with EcoRI and had the total size of 5.5 kb (Fig. 2).
his has indicated the stability of pLuc during the entrapment
rocess and the solvent extraction of pLuc from the bilayer
esicles.
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Fig. 1. Agarose gel electrophoresis of pLuc entrapped in cationic bilayer vesicles; (A) cationic liposomes; Lane 1–3 = standard pLuc 0.265, 0.1325, and 0.053 �g,
r out e
T 0.265
p /C/IA

3
d

w
l
c
1
T
f
a

F
P
f
c
c
u

T
c
t
t
i
t

espectively. Lane 4 = blank liposome. Lane 5–6 = initial pLuc-liposome with
ween61 niosomes and (C) cationic Span 60niosomes; Lane 1–3 = standard pLuc
Luc-niosome without extraction. Lane 7–8 = extracted pLuc-niosomes using P

.4. Morphology, particle size and ζ potential
etermination

All lyophilized empty cationic liposomes and niosomes
ere white powder with the diameter and the ζ potential

isted in Table 1. All vesicles were large multilamellar vesi-
les. The particle size of DPPC and Span60 vesicles were

64.9 ± 1.8 and 595.4 ± 30.2 nm which were smaller than the
ween61 vesicles (769.4 ± 17.6 nm). The ζ potential is positive
or all cationic bilayer vesicles of +73.20 ± 0.87, +41.90 ± 0.53
nd +21.73 ± 0.49 mV for cationic DPPC liposomes, cationic

ig. 2. Stability of the extracted pLuc from cationic bilayer vesicles using
/C/IAA. The pLuc was cut with EcoRI and compared to the standard pLuc
rom BII. Lane 1, 8 = DNA ladder. Lane 2–3 = standard pluc (1 �g/�l) uncut and
ut, respectively. Lane 4–5 = pLuc extracted from cationic liposome uncut and
ut, respectively. Lane 6–7 = pLuc extracted from cationic Tween61 niosomes
ncut and cut, respectively.

3

c
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T
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xtraction. Lane 7–8 = extracted pLuc-liposomes using P/C/IAA. (B) cationic
, 0.1325, and 0.053 �g, respectively. Lane 4 = blank niosome. Lane 5–6 = initial
A.

ween61 and Span60 niosomes respectively. The cationic vesi-
les entrapped with pLuc were not only had larger particle size
han the unentrapped cationic vesicles, but also the ζ poten-
ial became negative. Fig. 3 showed the negative staining TEM
mages of the bilayer vesicles, showing the oligolamellar struc-
ure.

.5. Stability of pLuc entrapped in cationic bilayer vesicles
Stability of pLuc entrapped in various cationic bilayer vesi-
les stored at 4, 30, and 50 ◦C for 8 weeks was shown in Figs. 4–6.
t 4 ◦C, the pLuc in all cationic vesicles exhibited the stable

able 1
article sizes in diameter (nm) and ζ potential of cationic bilayer vesicles
ntrapped and not entrapped with pLuc

Formulations (molar ratio) Sizea ± S.D. (nm) ζ b ± S.D. (mv)

Without pLuc (blank bilayer vesicles)
Cationic liposomes:
DPPC/Chol/DDAB (7:2:1)

164.9 ± 1.8 +73.20 ± 0.87

Cationic niosomes:
Tween61/Chol/DDAB (1:1:0.05)

769.4 ± 17.6 +41.90 ± 0.53

Cationic niosomes:
Span60/Chol/DDAB (1:1:0.05)

595.4 ± 30.2 +21.73 ± 0.49

With pLuc
DPPC/Chol/DDAB
(7:2:1) + pLucb,c

215.8 ± 2.5 −28.89 ± 2.87

Tween61/Chol/DDAB
(1:1:0.05) + pLucb,c

852.9 ± 8.6 −42.14 ± 0.35

Span60/Chol/DDAB
(1:1:0.05) + pLucb,c

632.2 ± 25.7 −71.25 ± 0.65

a PD, particle diameter (nm). The value is the average of 5 measurements.
b ZD, ζ, zeta potential (mV). The value is the average of 10 measurements.
c Data represented particle sizes of each formulation after incubation for 1 h

t room temperature (30 ± 2 ◦C).
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ig. 3. The negative staining TEM images of the cationic bilayer vesicles cont
iposomes (B) cationic Tween61 niosomes (C) cationic Span60 niosomes.

supercoil) form during 8 weeks, while in an aqueous solu-
ion showed partial degradation with times even stored at 4 ◦C
Fig. 7). At higher temperature (30 and 50 ◦C), pLuc was in an
pen circular form which was the unstable form. This unstable
orm increased with times. Fig. 8A–C represented the remain-
ng pLuc amount in cationic bilayer vesicles when stored at 4,
0, and 50 ◦C for 8 weeks. pLuc in cationic DPPC liposomes

ppeared to be more stable than pLuc in other bilayer vesicles.
t 4 ◦C for 8 weeks, the amount of pLuc (30.41%) in cationic

iposomes was the same as in an aqueous solution, and was
bout 2 and 3 times higher than in cationic Span60 (15.48%) and

3
n
r
6

ig. 4. Agarose gel electrophoresis of pLuc entrapped in cationic DPPC liposomes a
,5,7 = pLuc without extraction at 4, 30, 50 ◦C, lane 4,6,8 = extracted pLuc at 4, 30, 50
0 ◦C, lane 7,8 = Std pLuc. (C) week 3: lane 1,2 = DNA ladder, lane 3,4,5 = extracted
ane 3,4,5 = extracted pLuc at 4, 30, 50 ◦C, lane 6,7,8 = Std pLuc. (E) week 6: lane
Luc. (F) week 8: lane 1,2 = DNA ladder, lane 3,4,5 = extracted pLuc at 4, 30, 50 ◦C,
pLuc prepared by FDEL method. Magnification at ×50 k (A) cationic DPPC

ween61 niosomes (10.73%). At 30 ◦C, pLuc remaining in all
ilayer vesicles was not intact after 3 weeks (Figs. 4–6). During
weeks stored at 30 ◦C, the remaining pLuc in cationic lipo-

omes (53.65%) was higher than in aqueous solution (49.15%),
n cationic Span60 niosomes (47.76%) and in cationic Tween61
iosomes (25.16%) (Fig. 8B). At 50 ◦C, pLuc in aqueous solu-
ion was completely degraded after 1 week, while at 2 and
weeks, none was found in cationic Span60 and Tween61
iosomes, respectively (Fig. 8C). However, the pLuc amount
emaining in cationic DPPC liposome at 1, 2 and 3 weeks were
9.58, 43.33 and 2%, respectively.

t 4, 30, and 50 ◦C stored for 8 weeks. (A) week 1: lane 1,2 = DNA ladder, lane
◦ C. (B) week 2: lane 1,2,3 = DNA ladder, lane 4,5,6 = extracted pLuc at 4, 30,

pLuc at 4, 30, 50 ◦C, lane 6,7,8 = Std pLuc. (D) week 4: lane 1,2 = DNA ladder,
1,2 = DNA ladder, lane 3,4,5 = extracted pLuc at 4, 30, 50 ◦C, lane 6,7,8 = Std
lane 6,7,8 = Std pLuc (at 0.05, 0.1, and 0.15 �g, respectively).



296 A. Manosroi et al. / International Journal of Pharmaceutics 356 (2008) 291–299

Fig. 5. Agarose gel electrophoresis of pLuc entrapped in cationic Tween61 niosomes at 4, 30, and 50 ◦C stored for 8 weeks. (A) week 1: lane 1,2,3 = DNA ladder,
l 1,2 =
( , lan
p , lane
1 Luc (

4

b

F
4
w
a
l

ane 4,5,6 = extracted pLuc at 4, 30, 50 ◦C, lane 7,8 = Std pLuc. (B) week 2: lane
C) week 3: lane 1,2 = DNA ladder, lane 3,4,5 = extracted pLuc at 4, 30, 50 ◦C
Luc at 4, 30, 50 ◦C, lane 6,7,8 = Std pLuc. (E) week 6: lane 1,2 = DNA ladder
,2 = DNA ladder, lane 3,4,5 = extracted pLuc at 4, 30, 50 ◦C, lane 6,7,8 = Std p
. Discussion

This present study has validated the pLuc amount determined
y gel electrophoresis and gel documentation for percentages of

e
p
D
o

ig. 6. Agarose gel electrophoresis of pLuc entrapped in cationic Span60 niosomes at
,5,6 = extracted pLuc at 4, 30, 50 ◦C, lane 7,8 = Std pLuc. (B) week 2: lane 1,2 = DN
eek 3: lane 1,2 = DNA ladder, lane 3,4,5 = extracted pLuc at 4, 30, 50 ◦C, lane 6,7,8

t 4, 30, 50 ◦C, lane 7,8 = Std pLuc. (E) week 6: lane 1,2 = DNA ladder, lane 3,4,5 = ex
adder, lane 3,4,5 = extracted pLuc at 4, 30, 50 ◦C, lane 6,7,8 = Std pLuc (at 0.05, 0.1,
DNA ladder, lane 3,4,5 = extracted pLuc at 4, 30, 50 ◦C, lane 6,7,8 = Std pLuc.
e 6,7,8 = Std pLuc. (D) week 4: lane 1,2 = DNA ladder, lane 3,4,5 = extracted
3,4,5 = extracted pLuc at 4, 30, 50 ◦C, lane 6,7,8 = Std pLuc. (F) week 8: lane

at 0.05, 0.1, and 0.15 �g, respectively).
ntrapment determination. Cationic liposomes composed of the
hospholipid (dipalmitoyl phosphaditylcholine; DPPC)/ Chol/
DAB (the cationic lipid) were prepared in the molar ratio
f 7:2:1 since we have demonstrated from our previous study

4, 30, and 50 ◦C stored for 8 weeks. (A) week 1: lane 1,2,3 = DNA ladder, lane
A ladder, lane 3,4,5 = extracted pLuc at 4, 30, 50 ◦C, lane 6,7,8 = Std pLuc. (C)
= Std pLuc. (D) week 4: lane 1,2,3 = DNA ladder, lane 4,5,6 = extracted pLuc
tracted pLuc at 4, 30, 50 ◦C, lane 6,7,8 = Std pLuc. (F) week 8: lane1,2 = DNA
and 0.15 �g, respectively).



A. Manosroi et al. / International Journal of Pharmaceutics 356 (2008) 291–299 297

Fig. 7. Agarose gel electrophoresis of pLuc in an aqueous solution at 4, 30, and 50 ◦C stored for 8 weeks. (A) week 1: lane 1,2 = DNA ladder, lane 3,4,5 = pLuc in an
aqueous solution at 4, 30, 50 ◦C, lane 6,7,8 = Std pLuc. (B) week 2: lane 1,2 = DNA ladder, lane 3,4,5 = pLuc in an aqueous solution at 4, 30, 50 ◦C, lane 6,7,8 = Std
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Luc. (C) week 3: lane 1,2 = DNA ladder, lane 3,4,5 = pLuc in an aqueous solu
,5,6 = pLuc in an aqueous solution at 4, 30, 50 ◦C, lane 7,8 = DNA ladder. (E
0 ◦C, lane 6,7,8 = Std pLuc. (F) week 8: lane 1,2 = DNA ladder, lane 3,4,5 = p
.15 �g, respectively).

hat the cationic liposomes composed of phosphatidylcholine/
holesterol (Chol)/ cationic charged lipid (stearylamine) at the
olar ratio of 7:2:1 gave high physical stability (Manosroi et al.,

004b), and showed deep penetration into the skin (Manosroi
t al., 2004a). The same molar ratio of phosphatidylcholine/
holesterol (Chol)/ cationic charged lipid (stearylamine) at 7:2:1
as also been studied by other group (Richardson et al., 1978;
organ and Williams, 1980). For cationic niosomes, our previ-

us study has also demonstrated that the vesicular membranes
f Tween61 or Span60 to cholesterol at 1:1 molar ratio were
n gel state and were able to efficiently entrap the water-
oluble substance (calcein) (Manosroi et al., 2003). Furthermore,
ther study has also indicated that Tween61 in an equimo-
ar combination with cholesterol exhibited great encapsulation
apabilities of water soluble substances (Hood et al., 2003).
herefore, we have used this 1:1 molar ratio of Tween61 or
pan60 to cholesterol to prepare the cationic niosomes. Hence,

he cationic niosomes composed of Tween61/Chol/DDAB or
pan60/Chol/DDAB at the molar ratio of 1:1:0.05 were investi-
ated. The molar ratio of the cationic lipid (DDAB) in niosomes
as only 2.5% of the total composition which was less than

n the case of liposomes (10% of the total composition), since
iosomes appeared to be more toxic than liposomes (Manosroi
t al., 2007a; Manosroi et al., 2007b). So, DDAB was kept in
inimal not only to reduce cost, but also to reduce the toxic side

ffect of such cationic lipid especially when in combination with
he non-ionic surfactant (Tween61 and Span60).

This study has also demonstrated that the extraction process

f pLuc from liposomes or niosomes by P/C/IAA gave identical
ands to the standard pLuc when digested with EcoRI (Fig. 2),
ndicating the stability of pLuc during the entrapment and the
xtraction process of pLuc by organic solvent.

m
b
p
n

at 4, 30, 50 ◦C, lane 6,7,8 = Std pLuc. (D) week 4: lane 1,2,3 = Std pLuc, lane
k 6: lane 1,2 = DNA ladder, lane 3,4,5 = pLuc in an aqueous solution at 4, 30,
n an aqueous solution at 4, 30, 50 ◦C, lane 6,7,8 = Std pLuc (at 0.05, 0.1, and

Cationic bilayer vesicles both liposomes and niosomes
emonstrated entrapment efficiency of 100%. This was not only
rom the charge interaction between the negatively charged pLuc
nd the positively charged (DDAB) in the bilayer vesicles, but
lso the entrapment of pLuc in the aqueous layers of the vesicles.
his charge interaction appeared to protect pLuc from vigor-
us conditions during the entrapment and extraction process
ince pLuc was not intact in neutral and anionic bilayer vesicles
data not shown). The maximum loading of pLuc were 15.29,
2.70 and 18.92 �g per mg of the total lipids or surfactants for
ationic DPPC liposome, cationic Tween61 and cationic Span60
iosomes, respectively. The highest maximum loading of pLuc
n cationic Tween61 niosomes may be due to the large polar
ead group of Tween61 which has higher hydrophilicity than
he Span60 and DPPC molecule, thereby being able to load the
igher amount of pLuc which has the hydrophilic nature. Span60
iosomes showed smaller particle size than the Tween61 nio-
omes. This may be from the larger head group of Tween61
han Span60 that can increase the repulsion interaction between
he Tween61 head groups. So, the sizes of Tween61 vesicle was
ager than Span60 and DPPC vesicles. In addition, DPPC con-
ained double alkyl tails of C16, whereas Span60 and Tween61
as single alkyl chain of C18. The more bulky double alkyl
hain of DPPC may hinder the condensation of the bilayer mem-
rane (Manosroi et al., 2005). Even the more bulky double alkyl
hain of DPPC may hinder the condensation of the bilayer mem-
rane, when cholesterol is incorporated, the hydrogen bonding
etween cholesterol’s hydroxyl and the lipid’s carbonyl groups

ay enhance the stability of the bilayer (Presti et al., 1982)

y condensing the vesicular membrane resulting in a smaller
article size. This may have more effect in liposomes than in
iosomes. Cationic DPPC liposomes gave about 4.61 and 3.61
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ig. 8. The percentages of pLuc remaining in various cationic bilayer vesicles
nd in an aqueous solution after stored at 4 ◦C (A), 30 ◦C (B), and 50 ◦C (D) for
weeks.

imes smaller particle size than cationic Tween61 and cationic
pan60 niosomes, respectively.

All cationic bilayer vesicles entrapped with pLuc exhib-
ted larger average particle size than the unentrapped cationic
esicles, since the negatively charged pLuc which adsorbed or
ntrapped in the vesicles may increase the aqueous phase vol-
me resulting in an increase in particle sizes. The cationic bilayer
esicles such as liposomes, can form complexes with the neg-
tively charged DNA (pLuc) via charge interaction, resulting
n the multilamellar structures composed of DNA sandwiched
etween the lipid bilayers (Choosakoonkriang et al., 2001;
iethoff et al., 2002). Thus, pLuc can both form complex with

uch cationic bilayer vesicles and entrap in the water channels
etween the vesicular membrane. This is supported by the work
f Koltover et al. (1998).

The pLuc entrapped in all cationic bilayer vesicles still have
table (supercoil) form during 8 weeks, while pLuc in an aque-
us solution degraded with times even stored at 4 ◦C. Cationic

PPC liposomes enhance the stability of pLuc 2 and 3 times
igher than cationic Span60 and Tween61 vesicles at 4 ◦C for
weeks, respectively. At 30 ◦C, pLuc remaining in all bilayer

esicular formulations was not intact after 3 weeks. The remain-

e
l

s

f Pharmaceutics 356 (2008) 291–299

ng pLuc in cationic DPPC liposomes was the same as Span60
esicles and 2 times more than cationic Tween61 vesicles. At
0 ◦C, pLuc in an aqueous solution was completely degraded
fter 1 week, while at 2 and 3 weeks, none was found in cationic
pan60 and Tween61 niosomes, respectively. However, 2% of
Luc was found in cationic DPPC liposome at 3 weeks. The
Luc in cationic liposomes (DPPC/Chol/DDAB at 7:2:1 molar
atio) exhibited higher stability than in other bilayer vesicular
ormulations at all temperatures.

This study has showed that higher temperature facilitates the
egradation of plasmid DNA in aqueous solution from the stable
upercoiled form to the undesirable linear and open circular
orms since high temperature as well as pH are important DNA
egrading factors (Bauer et al., 2003; Alexander et al., 2004).
NA has the limitation for chemical and thermal stability. At
0 ◦C, pLuc entrapped in the vesicles was more stable than pLuc
ot entrapped in the vesicles. However, at high temperature at
0 ◦C, pLuc even entrapped in the vesicles was degraded the
ame as pLuc in the aqueous solution. Although plasmid DNA
an prolong its stability when entrapped in vesicles in comparing
o that in an aqueous solution, the plasmid both in an aqueous
olution and in the vesicles at 30 and 50 ◦C was not in the
esirable (supercoiled) form. At high temperature (50 ◦C) for a
ong times storage (8 weeks), the vesicular membrane may be
estabilized, as well as the increase of hydrolytic degradation of
he vesicular composition, especially the lipid product (Frrkjaer
t al., 1982; Grit et al., 1989) resulting the leakage of the pLuc
ut of the liposomes and can be easily destroyed by heat. The
ncrease of the hydroxyl radicals by high temperature were also
nvolved in the damage to DNA in liposomes and in the solution.

It has been strongly indicated that the stability of the
ntrapped plasmid could have an impact on transfection
fficiency. There is an understanding by many researchers that
ntact supercoil DNA is advantageous for efficient gene transfer
ver the open circular or linear DNA, from degradation process
Prazeres et al., 1999). The plasmid entrapped in cationic lipo-
omes exhibited higher stability than plasmid in solution and
lasmid entrapped in cationic Tween61 or Span60 niosomes.
owever, the remaining amount of plasmid DNA entrapped in

ationic liposomes is lower than in aqueous solution, especially
uring a long time storage of 8 weeks at 30 ◦C. Nevertheless,
Luc remaining in an aqueous solution was all in the open
ircular form (Fig. 7) which is not a desirable form because of
reater risk of the linear form integrating into the host genome
Nichols et al., 1995) and lower transfection efficacy of linear
lasmids than the supercoiled form (Weintraub et al., 1986). On
he contrary, pLuc remaining in liposomes was in the stable and
esirable supercoiled form (Fig. 4.). So, it is still advantageous
or entrapping the pLuc in liposomes for our further transfection
tudy. In the case of niosomes, the sobilization properties of
urfactants (Tween61 and Span60) which were the component
f the cationic niosomal formulations (Manosroi et al., 2007a)
ay be another factor which can affect the integrity of the
ntrapped plasmid DNA, especially at high temperature and
ong time storage.

In summary, this study has suggested that the cationic lipo-
ome comprising of DPPC/Chol/DDAB at the molar ratio of
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:2:1 was the most suitable formulation for entrapping pLuc due
o its higher protection of the plasmid against high temperature
han other bilayer vesicles. The high gene transfection efficiency
f plasmid entrapped in this formulation is also anticipated.
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