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bstract

Cationic lipid-based gene delivery systems have shown promise in transfecting cells in vitro and in vivo. However, liposome/DNA com-
lexes tend to form aggregates after preparation. Lyophilization of these systems, therefore, has become of increasing interest. In this study,
e investigated the feasibility of preserving complexes as a dried preparation using a modified dehydration rehydration vesicle (DRV) method

s a convenient and reliable procedure. We also studied storage stability of a lyophilized novel cationic gene delivery system incorporating
ucrose, isomaltose and isomaltotriose. Liposomes were composed of 3�-[N-(N′,N′-dimethylaminoethane)-carbamoyl] cholesterol (DC-Chol) and
-dioleoylphosphatidylethanolamine (DOPE), plus sucrose, isomaltose or isomaltotriose. Lyophilized liposome/DNA complexes were stored at
20, 25, 40 and 50 ◦C and their stability was followed for 50 days. Liposome/DNA complexes with sucrose could be stored even at 50 ◦C without

arge loss of transfection efficiency. The transfection efficiency of formulations stored at various temperatures indicated that the stabilizing effect

f sugars on plasmid DNA was higher in the following order: isomaltotriose < isomaltose < sucrose, which was inverse to the order of their glass
ransition temperature (Tg) values. It was concluded that we could prepare novel lyophilized liposome/DNA complexes with high transfection
fficiency and stability, which might be concerned that sucrose stabilized plasmid DNA in liposomes by directly interacting with plasmid DNA
ather than by vitrifying to a high Tg solid.

2007 Elsevier B.V. All rights reserved.

fectio

1
c
w
t
p
t

p
a
s
a
s

eywords: Cationic liposome; Sucrose; Dehydration rehydration vesicle; Trans

. Introduction

Cationic liposome-mediated transfer of DNA is a promis-
ng approach, because of low immunogenicity and toxicity, ease
f preparation, and potential applications for active targeting.
he disadvantages include poor efficiency of transfection in
ivo. Therefore, many cationic lipid-based transfection reagents
ave been developed for the efficient delivery of DNA into cells
Gao and Huang, 1991; Vigneron et al., 1996). Commercially
vailable cationic liposomes or particles are mixed with plas-
id DNA, and tend to form large liposome/DNA aggregates in

olution, especially at high DNA concentrations. They form as

result of electrostatic binding between cationic liposomes and
egatively charged DNA, and are inherently difficult to manip-
late, resulting in a decrease of transfection (Sternberg et al.,
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994; Lai and van Zanten, 2002). Because of this problem,
ationic liposome/DNA complexes have to be freshly prepared
hen they are used. This would make it demanding to prepare

hem, and make quality control very difficult due to the fact that
reparation of cationic liposome/DNA complexes is a process
hat is poorly defined and difficult to control.

To produce stable gene delivery systems that avoid these
roblems, lyophilization is suitable for long-term storage. There
re many studies about lyophilization of liposome vectors using
ugars (Anchordoquy et al., 1997; Li et al., 2000; Molina et
l., 2004). Disaccharides were used in most studies. Especially,
ucrose, which has a high glass transition temperature (Tg), is
nown to be effective to maintain the stability of liposomes,
resumably by forming glasses under the typical freezing con-
itions used for lyophilization (Molina et al., 2001). To develop

yophilized liposome complexes with plasmid DNA vector, we
sed a modified dehydration rehydration vesicle (DRV) method
s a convenient and reliable procedure (Perrie and Gregoriadis,
000). The technique of the DRV method, employing sucrose at
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he lyophilization stage, has been evaluated for a range of solutes
Zadi and Gregoriadis, 2000; Kawano et al., 2003) and plasmid
NA (Perrie et al., 2004). The effects of sugars on the stability of

yophilized liposomes, sizes of liposomes and entrapment effi-
iency of solutes using DRV methods have been reported (Zadi
nd Gregoriadis, 2000; Kawano et al., 2003), but there have been
few reports about the effect of sugars on the stability of plasmid
NA in liposomes during storage (Li et al., 2000).
In this study, we examined stability of lyophilized

iposome/DNA complexes with sucrose, isomaltose or isoma-
totriose at different temperatures over 50 days, and determined
hich sugars could inhibit aggregation and maintain the

ransfection activity of plasmid DNA during preservation at
emperatures above Tg. We found that DRV/DNA complexes
ith sucrose could be stored even at 50 ◦C without a large

oss of transfection activity. Isomaltose and isomaltotriose were
elected as excipients because their Tg values were higher than
hat of sucrose and therefore, they were expected to exhibit a
reater stabilizing effect.

. Materials and methods

.1. Materials

3�-[N-(N′,N′-Dimethylaminoethane)-carbamoyl] choles-
erol (DC-Chol) was purchased from Sigma Chemical Co. (St.
ouis, MO, USA), and l-dioleoylphosphatidylethanolamine

DOPE) was obtained from Avanti Polar Lipids Inc. (Alabaster,
L, USA). Lipofectamine 2000 was purchased from Invitrogen
orp. (Carlsbad, CA, USA). The Pica gene luciferase assay
it was purchased from Toyo Ink Mfg. Co. Ltd. (Tokyo,
apan). BCA protein assay reagent was purchased from Pierce
Rockford, IL, USA). All other chemicals used were of reagent
rade. The plasmid DNA encoding the luciferase marker gene
pAAV-CMV-Luc) was supplied by Dr. S. Tanaka in Mt. Sinai
chool of Medicine (NY, USA). All reagents were of analytical
rade. RPMI1640 medium and fetal bovine serum (FBS) were
urchased from Life Technologies, Inc. (Grand Island, NY,
SA).

.2. Preparation of DRV

The preparation method has been reported previously
Perrie and Gregoriadis, 2000). Briefly, lipids (e.g., DC-
hol:DOPE = 3:2 and 1:2 mol/mol) were dissolved in
hloroform and a dried film was formed by rotary-evaporation.
he preparation was hydrated with filtered water and vortexed
t room temperature. The resulting multilamellar vesicle (MLV)
uspension was extruded through a series of polycarbonate
embranes with pore sizes of 0.6 and 0.2 �m (Millipore, Bil-

erica, MA) to yield about 200-nm-sized vesicles. A sugar/total
ipid (w/w) of 5, and 12.5–100 �g of plasmid DNA at a charge
atio of (+/−) of 2 and 16 were carefully added to the vesicle sus-

ension, and the mixture was transferred to polypropylene tubes
10 mm in diameter and 40 mm in length), frozen by immersing
n liquid nitrogen for 10 min, and lyophilized (DRVs) using a
reezevac C-1 lyophilizer (Tozai Tsusho Co., Tokyo, Japan) at

b
p

f Pharmaceutics 356 (2008) 69–75

vacuum level below 5 Pa. Shelf temperature was controlled at
40 ◦C for 12 h, at −20 ◦C for 12 h, at 0 ◦C for 8 h, at 20 ◦C

or 4 h, and at 30 ◦C for 4 h. After lyophilization, dry nitrogen
as introduced in the drying chamber, and vials of DRVs were

ealed with screw caps in a nitrogen atmosphere. Water contents
f formulations obtained were less than 0.5%, as determined by
he Karl Fischer method.

Prior to the measurement of transfection efficiency, the dry
ake of DRVs was rehydrated with milli-Q water (1 ml of water
er vial) and ultracentrifuged at 45,000 rpm for 45 min to parti-
ion sugars from the liposome suspension. The supernatant was
ollected and then milli-Q water was added to the DRV pellets
o achieve 100 �g DNA/ml (DRV pellet suspension).

.3. Measurement of size

The mean particle size of the DRVs suspended in water
as determined using a light scattering instrument (DLS-7000,
tsuka Electronics Co. Ltd., Osaka, Japan) by a dynamic laser

ight scattering method at 25 ± 1 ◦C. The reported particle size
as the average value of two measurements.

.4. Stability test

Vials of DRVs were transferred to vessels containing P2O5
nd were stored at −20, 25, 40 and 50 ◦C for 50 days.

.5. Measurement of Tg

A Tg of DRV formulation was measured by using a model
920 differential scanning calorimeter (DSC) with a refriger-
tor cooling system (TA Instruments, Newcastle, DE, USA).
pproximately 3 mg of DRV cake was put in an aluminum sam-
le pan, dried in vacuum at 25 ◦C for 16 h and sealed hermetically
n a nitrogen atmosphere in order to prevent water sorption dur-
ng sample preparation. DSC traces were measured at a heating
ate of 20 ◦C/min. An empty pan was used as a reference sam-
le. Temperature calibration of the instrument was carried out
sing indium. Tg values reported were obtained for first heating
can. The Tg values and changes in the heat capacity at Tg of
tored samples were similar to those before storage, indicating
hat crystallization of amorphous excipient in the formulations
id not occur during stability studies.

.6. Entrapment efficiency of plasmid DNA in DRV

The plasmid DNA in the supernatant after ultracentrifuga-
ion of the rehydrated DRV suspension at 45,000 rpm for 45 min
as measured as free plasmid DNA using a PicoGreen dsDNA
uantitation Kit *200-2000 assays* (Molecular Probes, Inc.,
R, USA).

.7. Cell culture
Human cervical carcinoma HeLa cells were kindly provided
y Toyobo Co. Ltd. (Osaka, Japan) and grown in DMEM sup-
lemented with 10% FBS at 37 ◦C in a humidified 5% CO2
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tmosphere. Cell cultures were prepared by plating cells in 35-
m culture dishes 24 h prior to each experiment.

.8. Transfection of cells

The DRV pellet suspension prepared as described was diluted
ith medium without FBS to a final concentration of 2 �g plas-
id DNA per well. After transfection in the medium without
BS for 3 h, 1 ml of the growth medium containing 10% FBS was
dded to the wells and culturing was continued for an additional
1 h.

.9. Expression assays

Luciferase expression was measured using the luciferase
ssay system. Incubation was terminated by washing the plates
hree times with cold phosphate-buffered saline (pH 7.4, PBS).
ell lysis solution (Pica gene) was added to the cell monolayers,
hich were then subjected to freezing (−80 ◦C) and thawing at
7 ◦C, followed by centrifugation at 13,000 rpm for 10 min. The
upernatants were frozen and stored at −80 ◦C until the assays.
liquots of 10 �l of the supernatants were mixed with 100 �l
f luciferin solution (Pica gene) and counts per second (cps)
ere measured with a chemoluminometer (Wallac ARVO SX
420 Multilabel Counter, Perkin Elmer Life Science, Japan, Co.
td., Kanagawa, Japan). The protein concentration of the super-
atants was determined with BCA reagent, using bovine serum
lbumin as a standard, and cps/�g protein was calculated.

.10. Statistical analysis

Statistical significance of the data was evaluated by Student’s
-test. A p value of 0.05 or less was considered significant. All
xperiments were repeated at least two times. Duplicate deter-
inations of luciferase expression values typically differed by

ess than 10%.

. Results and discussion

Notably, liposomes composed of DC-Chol together with

OPE (DC-Chol/DOPE liposomes) have been classified as
ne of the most efficient vectors for the transfection of plas-
id DNA into cells (Zhou and Huang, 1994; Farhood et

l., 1994, 1995) and in clinical trials (Nabel et al., 1993,

a
r
l
t

able 1
omposition of DRV formulation

ormulation DC-Chol:DOPE (mol:mol)

1 3:2
2 3:2
3 3:2
1 1:2
2 1:2
3 1:2
4 1:2
5 1:2
6 1:2
f Pharmaceutics 356 (2008) 69–75 71

994). It has been demonstrated that a 3:2 or 1:1 molar ratio
f DC-Chol/DOPE in liposomes results in high transfection
fficiency (Farhood et al., 1995). Recently, we reported that
C-Chol/DOPE liposomes with molar ratio 1:2 showed more

fficient transfection than those with molar ratio 3:2 or 1:1
n medium with FBS, having transfection efficiency compara-
le to that of Lipofectamine 2000, a commercial transfection
eagent. Also, these lipoplexes showed a maximum at (+/−)
:1 of transfection efficiency (Maitani et al., 2007). Therefore,
e selected two kinds of DRV formulations: the conventional
ne (DC-Chol/DOPE = 3:2, A1–A3) and the novel one (DC-
hol/DOPE = 1:2, B1–B6), and prepared DRV/DNA complexes
t sugar/total lipid (w/w) of 5, and charge ratio (+/−) of cationic
ipid (DC-Chol) to DNA of 2 or 16 (Table 1).

.1. DRVs without sugars

In preliminary experiments of the preparation of DRVs with-
ut sugars, the size was increased to over 1 �m. For the process
f freeze-drying, fast freezing and addition of sugars in the freez-
ng state resulted in less aggregation. This finding agreed with
hat reported by Molina et al. (2001). Moreover, in this study,
ince some preparations of dry cakes of DRVs after lyophiliza-
ion were needed to perform the subsequent procedures, sugars
ere added to the suspension of liposomes and plasmid DNA

t a weight ratio of 5:1 (sugar:total lipids) and mixed before
reezing.

.2. Tg measurement of DRVs

Fig. 1 shows representative DSC traces of DRV formulations
ontaining plasmid DNA (formulations B1–B3) and lyophilized
ugar. The formulations were considered to be amorphous
ecause they exhibited base line shifts due to the glass transi-
ion. The Tg values of the lyophilized sugar (T s

g ) were higher in
he order: sucrose < isomaltose < isomaltotriose. The Tg values
f DRV formulations increased in the order: B1 < B2 < B3, indi-
ating that the molecular mobility of the formulation containing
ucrose was higher than that of the formulations containing iso-
altose or isomaltotriose. The Tg values of DRV formulations
nd lyophilized sugars with and without liposomes are summa-
ized in Table 2. The Tg values of lyophilized sugars with cationic
iposomes (DRV formulation without DNA) were slightly lower
han those of the corresponding lyophilized sugars. In contrast, a

Charge ratio, lipid:DNA (+/−) Sugar

16:1 Sucrose
16:1 Isomaltose
16:1 Isomaltotriose

2:1 Sucrose
2:1 Isomaltose
2:1 Isomaltotriose

16:1 Sucrose
16:1 Isomaltose
16:1 Isomaltotriose
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ig. 1. Representative DSC traces of DRV formulations and sugars for first
eating scan. Arrows in the figure represent Tg.

arge decrease in Tg of the DRV/DNA complexes was observed,
s indicated by the Tg values of formulations B1–B3, as shown
n Fig. 2. The Tg values of the formulations can be expressed
y the Gordon–Taylor equation (Eq. (1)) assuming that misci-
ility of the sugars and the liposome/plasmid DNA complex is
omplete:

kWcT
c
g + WsT

s
g

g =
Ws + kWc

(1)

here Ws, Wc, T s
g , and T c

g are the weight fraction and Tg of sugar
nd complex, respectively, and k is a constant. Differences in the

T

t
d
a

able 2

g of DRV formulations and lyophilized sugars

T
midpoint
g (◦C)

RV formulationa

A1 (sucrose (DC/DOPE = 3/2)) 72.0
A2 (isomaltose (DC/DOPE = 3/2)) 94.4
A3 (isomaltotriose (DC/DOPE = 3/2)) 121.1
B1 (sucrose (DC/DOPE = 1/2)) 55.2
B2 (isomaltose (DC/DOPE = 1/2)) 90.7
B3 (isomaltotriose (DC/DOPE = 1/2)) 114.2
B4 (sucrose (DC/DOPE = 1/2)) 74.0
B5 (isomaltose (DC/DOPE = 1/2)) 96.6
B6 (isomaltotriose (DC/DOPE = 1/2)) 125.9

yophilized sugar with cationic liposomes
Sucrose + (DC/DOPE = 3/2) 75.1
Isomaltose + (DC/DOPE = 3/2) 98.1
Isomaltotriose + (DC/DOPE = 3/2) 129.5
Sucrose + (DC/DOPE = 1/2) 77.8
Isomaltose + (DC/DOPE = 1/2) 101.8
Isomaltotriose + (DC/DOPE = 1/2) 129.1

yophilized sugar
Sucrose 78.2
Isomaltose 102.7
Isomaltotriose 133.0

g values reported were obtained for first heating scan (n = 3).
a Sugar, liposome and plasmid DNA used in Table 1.
ig. 2. Difference in T
midpoint
g between DRV formulations and corresponding

yophilized sugars in Table 2. Error bars represent standard deviation (n = 3).

g between the formulations and the corresponding sugars (�Tg)
re expressed by the following equation:

Tg = Tg − T s
g = −kWc(T s

g − T c
g )

Ws + kWc
(2)

c
g (not determined) is expected to be lower than T s

g , since Tg
alues of the formulations studied were lower than those of cor-
esponding lyophilized sugar. For formulations B1–B3, the T c

g
alue is considered to be the same, since the formulations con-
ain the same amount of plasmid DNA in liposomes. A smaller
s
g − T c

g value is consequently expected for the formulation con-
aining the sugar with lower Tg. Assuming that k is not largely
ifferent between sugars, the smallest difference in Tg between
formulation and the corresponding lyophilized sugar should

S.D. T onset
g (◦C) S.D.

2.1 68.8 2.6
1.1 87.3 4.9
1.2 108.2 1.6
0.5 50.4 0.5
0.5 83.1 1.6
3.3 104.6 2.7
0.4 71.1 0.5
3.6 86.9 1.4
0.6 118.3 0.9

0.1 73.7 0.8
0.8 97.5 1.0
2.0 123.3 2.7
0.8 72.5 0.5
0.1 94.2 3.1
0.1 123.9 0.5

0.2 74.5 0.2
0.6 98.6 0.2
0.8 128.8 0.2
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Table 3
Particle size of liposomes after rehydration of DRVs stored at −20 ◦C for 50 days

Formulation Diameter (nm) Dispersion (%) Diameter (nm) Dispersion (%)

A1 179 62 1274 38
A2 178 69 1269 31
A3 191 70 1558 30
B1 448 10 3495 90
B2 364 8 3826 92
B3 487 11 3161 88
B4 238 30 1451 70
B
B
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5 256 32
6 205 32

e observed for sucrose-based formulations. Formulation B1,
owever, exhibited a larger difference in Tg than formulation
2 or B3 (Fig. 2), suggesting that the Gordon–Taylor equa-

ion was not applicable to formulation B1. This deviation from
he Gordon–Taylor equation suggests that plasmid DNA may
nteract with sucrose more strongly than with isomaltose or
somaltotriose.

.3. Size distribution of DRV suspension after rehydration
nd entrapment efficiency

DRVs stored at −20 ◦C for 50 days were rehydrated. The
ize distribution of DRV/DNA complex suspensions was het-
rogeneous, depending on the charge ratio (+/−), but not
epending on sugars (Table 3). The DC-Chol/DOPE = 3/2 com-
lex (formulations A1–A3) showed the smallest size. In the
C-Chol/DOPE = 1/2 complex, formulations B1–B3 with low

ationic charge (+/−) of 2 showed larger size than formulations
4–B6 with that of 16. It seemed that the charge of DRVs was
ritical in determining sizes because the electric repulsion of the
omplex opposed aggregation. Also sugar amount might affect
ize of DRV. Molina et al. (2001) reported that formulations
ith high sucrose/DNA ratios are capable of maintaining particle

ize during the freezing step, and suggested that the separation
f individual particles within sugar matrices is responsible for
he protection of cationic lipid DOTAP/DOPE liposome vectors
uring the freezing step of a typical lyophilization protocol.

DRV methods in which lyophilization is performed after
he addition of sucrose to the liposome suspension increase
he entrapment efficiency of DNA in DRVs. Crowe and Crowe
1993) reported that trehalose outside and inside liposomes pre-
ented the aggregation of liposomes and stabilized liposomes
o entrap solutes. Zadi and Gregoriadis (2000) reported that a
mall amount of sugar outside liposomes disturbs the liposomal
embrane and makes solute outside liposomes enter them. In

ur case, free plasmid DNA was not detected in the supernatant
f any DRV suspensions using a PicoGreen Kit. The cationic
harge of DRVs was so high that whether plasmid DNA was
ntrapped and/or adsorbed on DRVs was not clear.
.4. Effect of sugars on transfection efficiency (TE)

In preliminary experiments, when lyophilized formulations
1–B3 of DRV/DNA complexes were preserved at room tem-

n
w

g

1591 68
1130 68

erature for 24 h and then rehydrated, they showed similar TE
alues with nonlyophilized ones. To investigate the effect of
ugars on lyophilization of the DRV/DNA complexes, the sta-
ility of plasmid DNA was evaluated by measuring TE after
reservation at various temperatures.

At −20 and 25 ◦C, formulations B1–B3 showed the high-
st TE, and then formulations B4–B6 showed intermediate TE
igher than those of formulations A1–A3 (Fig. 3). This finding
ndicated that TE was affected by the cationic lipid ratio in lipo-
omes, and by the charge ratio (+/−) of cationic lipid to plasmid
NA, more than by the sugar. Molina et al. (2004) reported

hat progressive degradation of DOTAP lipoplex in terms of TE
as observed during storage in the dried state at −20 ◦C, and

he presence of DOPE enhanced degradation under these condi-
ions. To the contrary, formulations B1–B3 with rich DOPE and
he low charge ratio (+/−), exhibited high TE. This difference

ay be due to difference of cationic lipids.
The TE of formulations at various temperatures indicated that

he stabilizing effect of sugars on DNA was higher in the fol-
owing order: isomaltotriose < isomaltose < sucrose, except for
ormulation B1. This order of the stabilizing effects of sugars
as inverse to the order of their Tg values. About the effects
f the glassy state on liposome in the freeze-drying state, it
as reported that the solute retention in dry liposomes may
e prolonged by increasing the Tg of the dry liposome prepa-
ation (Sun et al., 1996; Crowe et al., 1997; van Winden and
rommelin, 1999). On the other hand, in cationic lipid/DNA
omplexes during lyophilization, sample vitrification did not
orrelate with maintenance of transfection efficiency (Allison
nd Anchordoquy, 2000). It was likely that sucrose might stabi-
ize plasmid DNA by directly interacting with plasmid DNA
ather than by vitrifying to a high Tg solid. Supporting our
nference, it was reported that the efficacy of transfection of
ipoplexes was enhanced by mixing medium and disaccharides
Tseng et al., 2007).

Formulation B1 maintained a high TE value even during stor-
ge at 50 ◦C for 50 days, having about one-fourth of the TE of
commercially available transfection reagent, Lipofectamine

000. We examined the cytotoxicity of the DRV/DNA complex,
s indicated by the protein concentration after transfection (data

ot shown). All formulations showed low cytotoxicity compared
ith Lipofectamine 2000.
Entrapment of plasmid DNA inside DRVs, rather than a

reater association at the surface of liposomes, may offer a more
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ig. 3. Transfection efficiency in HeLa cells transfected with DRV/DNA comp
omplex was diluted with medium without FBS to a final concentration of 2 �

n = 2). TE of B5 and B6 at 50 ◦C was not detected.

ontrolled approach to vesicle formation. This cryo-protective
ffect may be desirable when preparing DRV/DNA complexes
ithout aggregation and with entrapment of DNA.

. Conclusion

We developed lyophilized formulations of liposome (DRV)/
lasmid DNA complex vectors prepared with the DRV method.
RV/DNA complexes lyophilized with sucrose could be stored

ven at 50 ◦C for 50 days without a large loss of transfection
fficiency. This finding suggests that sucrose might stabilize
lasmid DNA by directly interacting with plasmid DNA rather
han by vitrifying to a high Tg solid. Further long-term stability
tudies will be required to determine the shelf life of lyophilized
iposome/DNA complexes at room temperature. These findings
rovide new information about the effects of physicochemical
hanges of nonviral vectors during lyophilization.
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