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Abstract

Transfection systems based on complexes of DNA and lipid emulsions were evaluated with respect to their effectiveness,
toxicity, physicochemical characteristics, and cell-type dependence. The potential of a series of co-emulsifiers to serve as vec-
tors was investigated. The co-emulsifiers examined included 1,2-dideagti«cero-3-phosphoethanolamine (DOPE), Tween,
cholesterol, stearylamine, and polyethylenimine (PEIl). Squalane and 1,2-disteglyleero-3-trimethylammonium-propane
(DOTAP), respectively, were the main oil phase and cationic lipid added to the lipid emulsions. Cell viability was reduced
after inclusion of either of the two cationic components of stearylamine and PEI. DOPE and cholesterol showed both higher
transfection activity and cell viability as compared to the other co-emulsifiers. The incorporation of DOPE and cholesterol also
prevented droplet aggregation of the emulsions after long-term storage. Results of the transfection of COS-1, A549, or HaCat
cell lines with lipid emulsions indicated differences in transfection activities of each formulation for the different cell lines. It
is concluded that DOPE and cholesterol as co-emulsifiers for DOTAP were preferable for stability and DNA transfection of
emulsions.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Human gene therapy is promising for the advance-
ment of medicine, however its efficacy has not been
sufficient in clinical trials Kurisawa et al., 2000 The
establishment of gene therapy may be achieved by de-
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signing sophisticated gene vectors. Viruses have suc-2-yl]-2,5-diphenyltetrazolium bromide (MTT) assay.

cessfully been used to achieve efficient gene expres-The physical properties of the emulsions—DNA com-

sion; however, several disadvantages with the use of plexes were assessed by gel electrophoresis, dy-

viral delivery systems such as unacceptable immune namic light scattering, zeta potential, and pH titra-

responses and large-scale manufacturing control havetion.

limited the success of these carridRufgsardthong et

al., 200). Non-viral delivery systems for genes have

increasingly been proposed as a safer alternative to vi- 2. Materials and methods

ral vectors ao et al., 2001 The most commonly

used non-viral vectors are liposomes, which are com- 2.1. Materials

posed of cationic lipids. However, the gene expres-

sion induced by cationic liposomes is usually low in DOTAP and DOPE were purchased from Avanti Po-

serum-containing medium and is often toxic in vitro larLipids (Alabaster, AL, USA). Squalane, cholesterol,

and in vivo Filion and Phillips, 1998 The instability stearylamine, PEI (0.8, 2, and 750 kDa), and MTT were

of liposome—DNA complexes is also the main obstacle obtained from Sigma Chemical (St. Louis, MO, USA).

to their becoming a successful gene carrier. To over- Tween 20 and Tween 80 were from Kanto Chemical

come these problems, cationic emulsions have been(Tokyo, Japan). Dulbecco’s modified Eagle’s medium

developed which are physically stable and can facili- (DMEM) and fetal calf serum (FCS) were supplied by

tate the efficient transfer of gendsdif et al., 1996 Kim Biowest (Nuail, France). A Maxi-V500 plasmid ex-

etal., 2001, 2002 traction system was obtained from Viogene (Taipei,
The cationic emulsifier most frequently used for Taiwan). AB3-galactosidase kit was from Gene Ther-

emulsions in gene delivery is 1,2-dioleast-glycero- apy System (San Diego, CA, USA).

3-trimethylammonium-propane (DOTAP). However,

DOTAP shows a high level of toxicity in many cells 2.2. Preparation of lipid emulsions

at higher dosesHlion and Phillips, 1998 DOTAP

is also very costly because of a difficulty of pu- The DOTAP and co-emulsifier were weighed and

rification. Hence, selection of co-emulsifiers in the mixed with deionized distilled water. The mixture

emulsions is important for resolving such problems. was sonicated until clear using a probe sonicator at

The transfection activity also greatly depends on the 10 W (VCX600, Sonics and Materials, Danbury, CT,

composition of the co-emulsifiers. Some investiga- USA)in an ice—water bath. Squalane (10%) was added

tions have focused on the use of certain co-emulsifiers to the aqueous phase and sonicated for 5min in an

as helpers for gene deliveryi¢ et al., 1996 Kim ice—water bath. The concentration of DOTAP and co-

et al.,, 2001, 2002 However, relatively little work emulsifier was represented against squalane and water.

has completely and comprehensively compared var- The DOTAP liposomes (1.5%) were also prepared for

ious types of co-emulsifiers with each other. The comparison. A 1.5% DOTAP was mixed with double-

aim of the present study was to screen a series distilled water and sonicated for 5 min at room temper-

of co-emulsifiers in lipid emulsions to increase the ature.

efficiency of transgene expression and improve the

stability of the vectors, while decreasing their toxi- 2.3. Preparation of plasmid DNA

city. The emulsion systems used in this study con-

tain squalane as the core oil and DOTAP as the  The plasmid pCMV-LacZ was amplified i&s-

cationic lipid. A series of co-emulsifiers including I,2-  cherichia coli(strain DH5«) and purified by column

dioleoylsn-glycero-3-phosphoethanolamine (DOPE), chromatography. The purity of the plasmid was mea-

Tween, cholesterol, stearylamine, and polyethylen- sured by ODgg/OD2go (1.85~1.90; OD, optical den-

imine (PEI) was also used as additives. The transfec- sity) as well as by electrophoresis in a 0.8% agarose

tion target was COS-1 cells in the absence or presencegel. Purified plasmid DNA was resuspended in sterile

of serum. The toxicity of the emulsions was evalu- double-distilled water and frozen in aliquots at a con-

ated by cell viability using the 3-[4,5]-dimethylthiazol-  centration of 0.5 mg/ml.
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2.4. Agarose gel electrophoresis

Interactions between plasmid DNA and lipid emul-

199

of DMSO was added to dissolve the formazan crystal
formed by live cells. The absorbance was measured at
545 nm.

sions were investigated by electrophoresis on agarose

gels. The plasmid (gg, 0.5ug/pl) and 0.4pl of
emulsion were mixed, and serum-free DMEM was
added to give a total volume of @8. The incuba-
tion time for forming complexes was 10min. The

2.7. Particle size and zeta potential analysis

The mean particle size and zeta potential of the
lipid emulsions were measured by photon correlation

complexes were then loaded onto 0.6% agarose gelsspectroscopy (Nano 2590, Malvern, UK) using a

containing ethidium bromide (0.5mg/ml). The gel
running buffer was 40mM Tris acetate and 1 mM
EDTA. The gel was run at 45V for 120min. The
trapping efficiency of the plasmid to lipid emul-
sion was determined as [(the free DNA of the non-
complex group-the free DNA of the complex)/the

free DNA of the non-complex group 100%. The

helium—neon laser with a wavelength of 630 nm. The
emulsion or emulsion/DNA complex was diluted with
double-distilled water by 100-fold before the mea-
surement. The determination was repeated three times
per sample for three samples comprising an identical
composition. The size and zeta potential of the emul-
sions were also monitored after storing at&0for 49

band intensity of gel electrophoresis was quantified days.

by the method of densitometry (Molecular Dynam-

ics Personal Densitometer SI, Amersham Biosciences, 2.8. Acid—base titration

USA).
2.5. In vitro transfection

COS-1, A549, and HaCaT cell lines were indi-
vidually cultured in DMEM supplemented with 10%
FCS at 37C in a 5% CQ incubator. Cells were
seeded at & 10* cells per well onto 24-well plates
12 h before transfection. After washing the cells with
serum-free DMEM, 6% of complex and 14%.l of
serum-free DMEM were added to each well. To ex-
amine the effect of serum, 143 of FCS was added
instead of serum-free medium. After 3h of incuba-
tion, cells were fed with DMEM containing 10%

The buffering capacity of the lipid emulsion with
various co-emulsifiers was determined by acid-base
titration. The lipid emulsion was titrated with increas-
ing volumes of 1068 mol HC1 or NaOH, and the pH
was measured by the pH meter at every point.

3. Results and discussion

3.1. The effect of DOTAP concentration in lipid
emulsions

DOTAP was the main lipid used for forming lipid

FCS and cultured for 24 h. The transfected cells were emulsions in this study. DOTAP at various concentra-

assayed using f-galactosidase kit by a photomet-

tions was used to prepare the emulsions for determining

ric assay at 595 nm according to the manufacturer’s the physicochemical properties and transfection activ-

instructions.
2.6. Cytotoxicity assay

Cytotoxicity was evaluated by the MTT assay. Cells
were seeded at a density of110* cells/well in 96-

ity. Essential requirements for a vector of transfection
are that it should bind DNA sufficiently strongly and
rapidly. To verify complex formation, gel electrophore-
sis was performed. As shown kig. 1, plasmid DNA
exists as a mixture of both supercoiled and open, cir-
cular forms. The densitometry only detected the band

well plates, and incubated 12 h before treatment. The of the supercoiled, circular form for quantifying the

emulsion (0.1 ml) and 52 4l of DMEM medium were
added to the well and incubated for 3 h at’87 After

incubation, 5Qul of the 5 mg/ml MTT solution in PBS
was added and incubated for an additional 2 h aK37
MTT-containing medium was aspirated off, and 125

trapping efficiency as depicted ifable 1 When the
lipid emulsion was mixed with DNA, free DNA disap-
peared when the concentration of DOTAP increased.
Plasmid bands with emulsion were completely retained
in the gel loading slots at a concentration of 4%. This
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<—— Open coiled

Fig. 1. Gelelectrophoresis of the complex formed between the lipid emulsion and DNA. The unbound free DNA in the agarose gel was visualized

under UV light.

indicates the partial dissociation of DNA from the com-
plexes with DOTAP at lower doses. The liposomes with

the lipid emulsions was measurethble 2. At higher
DOTAP doses, the emulsions decreased the cell viabil-

1.5% DOTAP showed an approximated entrapment to ity in the absence of serum. However, cells remained

the emulsions with DOTAP at the same concentrat-
ion.

The safety of new formulations must be well estab-
lished before being used in clinical situations. From the
cell proliferation assay using MTT, the cytotoxicity of

Table 1
The trapping efficiency of DNA interacted with lipid emulsions with
various co-emulsifiers determined by agarose gel electrophoresis

Formulations Concentration  Trapping
(%, wiv) efficiency (%)
DOTAP liposomes 15 362
DOTAP 1.0 1587
DOTAP 15 3229
DOTAP 2.0 8886
DOTAP 3.0 6254
DOTAP 4.0 10103
DOTAP + DOPE 1.5:1.5 85
DOTAP + Tween 20 1515 867
DOTAP + Tween 80 15:1.5 381
DOTAP + cholesterol 1515 8b7
DOTAP + stearylamine 1.5:1.5 5%
DOTAP + PEI (750 kDa) 15:15 949
DOTAP + DOPE 2.0:1.0 895
DOTAP + DOPE 1.0:2.0 138
DOTAP + cholesterol 2.0:1.0 862
DOTAP +cholesterol 1.0:2.0 m

viable in all emulsions with various DOTAP concentra-
tions in the presence of serum. Cells incubated under
serum-free conditions with emulsions showed signif-
icant levels of cell death due to a lack of growth fac-
tors provided by the serum that are required for cell
survival Dodds et al., 1998; Yi et al., 20D0T he lipo-
somes showed lower cell viability than the emulsions
with 1.5% DOTAP.

The ability of each emulsion to transfect mam-
malian cells was examined using a COS-1 cell model.
The transfection efficiency was commonly determined
by quantitatingB-galactosidase expression and mea-
suring cell viability as a function of total protein in cell
lysates Hofland et al., 1996 Since there is a good
correlation between cytotoxicity as assessed by the
decrease in cellular protein levels and results obtained
using the MTT assayQ@ebhart and Kabanov, 2001
the percentage of cell viability instead of protein levels
was used to calculate the calibratBehalactosidase
activity as shown irFig. 2 The transfection of DNA
alone without complexing to lipid emulsions produced
no measurableB-galactosidase activity (data not
shown). In the absence of serum, it was apparent that
the transfection activity was increased as DOTAP
concentrations increased above 3% (Studertsst,
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Fig. 2. Invitro transfection efficiency of lipid emulsions with various
DOTAP concentrations determined Bygalactosidase activity (A)
and calibrate@-galactosidase activity. The DOTAP concentrationin
liposomes was 1.5%. Each value represents the théaD.(n=4).
The calibrate@-galactosidase activity meafisgalactosidase activ-

ity (mU) divided by cell viability (%).

p<0.05. The low interaction of the DNA—emulsion
complexes at lower DOTAP concentrations may

201

concentrations (3% and 4%). The higher DOTAP ratios
may provide higher positive charges for emulsions,
and are therefore capable of binding plasma mem-
branes through non-specific electrostatic interactions
(Bonadio, 200D

In order to elucidate this mechanism, the zeta po-
tential of the emulsions was determined. As shown in
Table 3 the zeta potential increased as DOTAP concen-
trations increased from 1.5% to 2%tést,p < 0.05),
and it also leveled off above 2%. One report spec-
ulated that non-viral vectors bind to cells via their
net positive charge, with adhesion being facilitated
by the interaction between the positively charged sur-
face and the negatively charged cell membraviad
et al., 200). The discrepancy of surface changes is
more significant when incorporating DNA into lipid
emulsions. The zeta potentials of DNA—emulsion com-
plexes were-21.9442.79, 8.36+ 6.39, 25.11 1.60,
and 46.5H-5.16 mV for DOTAP concentrations rang-
ing from 1.5% to 4%, respectively. It was proposed
that a portion of the DNA is displaced from the vesicle
surface, and the DNA shields the positive charges of
the vesicle Ishiwata et al., 2000 The loss of trans-
fection activity of emulsions with less DOTAP may
be due to neutralization of the positive charges on the
DNA complex. These positive charges were thought to
be important for the binding of the complex to the cell
surface. At higher DOTAP concentrations, the com-
plex may also exhibit strong interactions with nega-
tively charged components in the serum, resulting in
a reduction of transfection in the presence of FCS
(Fig. 2.

The mean droplet size generally increased as the
DOTAP concentration increased and leveled off above

have contributed to this result, since disassembly of 3%. The plateau appeared to possibly have been due

the complex in the extracellular environment would
significantly limit its efficacy Bonadio, 200D In

to the saturation of the adsorption of DOTAP onto the
squalane droplets. The physical stability of the carrier

developing gene carriers, those that are efficient in and its complex with DNA has been regarded as one of

vitro often fail to show the same efficiency when
applied in vivo. The main reason for the poor efficacy
in vivo is the sensitivity to serumY{ et al., 2000.

the important factors in its usg€lphati et al., 1998; Yi
et al., 2000. The size and zeta potential of the emul-
sions were monitored for 49 days at8Dto investigate

Gene transfer mediated by liposomes, the commonly the stability of the lipid emulsions. The size and zeta

used non-viral vector for DNA, is adversely affected
by serum Fig. 2). The presence of serum did not in-
terfere with the transfection ability of DNA—emulsion
complexes at lower DOTAP concentratiorfsd; 2).
However, additional barriers to gene delivery in the
presence of serum were decisive at higher DOTAP

potential charge are shown ifable 3 The enlarge-

ment of droplet size was significant at lower DOTAP
concentrations after 49 days of incubation. This may
indicate that sufficient DOTAP is required in order to
avoid aggregation of droplets in the lipid emulsions.
The electrostatic repulsion of the positively charged
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The cell viability of COS-1 after treatment of lipid emulsions with various co-emulsifiers determined by MTT assay

Formulations

Concentration (%, w/v)

Cell viability without serum (%)

Cell viability with serum (%)

DOTAP liposomes 15 68.1% 15.15 57.43+ 11.16
DOTAP 1.0 104.77 27.70 100.97 30.34
DOTAP 15 82.86+ 25.90 78.33+ 15.99
DOTAP 2.0 98.82+ 28.36 89.81+ 12.39
DOTAP 3.0 56.46+ 5.23 106.33+ 15.70
DOTAP 4.0 53.66+ 17.43 92.74+ 10.11
DOTAP + DOPE 1.5:1.5 78.9% 11.67 99.24+ 9.62
DOTAP + Tween 20 1515 87.3@ 31.91 104.34+ 22.46
DOTAP + Tween 80 1.5:15 58.64 7.03 108.20+ 5.08
DOTAP + cholesterol 1.5:1.5 77.08 9.35 76.95+ 9.58
DOTAP + stearylamine 15:15 74.2¢ 11.15 50.54+ 7.20
DOTAP + PEI (750 kDa) 1515 26.68 7.64 48.09+ 13.59
DOTAP + PEI (2 kDa) 1.5:1.5 32.1% 4.21 71.58+ 14.56
DOTAP + PEI (0.8 kDa) 1515 35.43 5.04 50.07+ 5.50
DOTAP + DOPE 2.0:1.0 79.53 10.34 85.46+ 19.38
DOTAP + DOPE 1.0:2.0 52.09 19.57 96.45+ 13.67
DOTAP + cholesterol 2.0:1.0 72.18 5.73 70.56+ 10.00
DOTAP +cholesterol 1.0:2.0 74.44 5.26 46.19+ 4.48

Each value represents the mea8.D. (=4).

DOTAP may contribute to this effect. It has been re- emulsions with higher DOTAP concentrations (above
ported that the stability of emulsions may be closely 1.5%) significantly (Student's-test, p<0.05) lost a
related to their transfection activity.i{ et al., 1996 part of their zeta potential after 49 days of incubation.
Yi et al., 2000Q. This result was confirmed by our data, This may have been because the excess DOTAP de-
as the emulsion with higher DOTAP doses produced parted from the oil droplets following the increase in
higher transfection abilities. The stability of the zeta incubation time, thus reducing the zeta potential on the
potential showed an opposite result to that of size. The surface of the droplets.

Table 3
The size and zeta potential of lipid emulsions with various co-emulsifiers determined at Oth day and 49th day after preparation

Formulations Concentration (%, w/v) Size (nm) Zeta potential (mV)
Oth day 49th day Oth day 49th day

DOTAP 1.0 274.03+ 16.34 572.16+ 54.17 57.62+ 0.77 63.56+ 2.31
DOTAP 1.5 284.26+ 11.26 667.52+ 233.98 57.81+ 1.14 48.37+ 1.12
DOTAP 2.0 364.114 20.86 409.02+ 99.92 63.70+ 2.71 49.21+ 2.73
DOTAP 3.0 434.31+ 58.67 482.23t 277.44 63.46+ 1.36 56.42+ 4.48
DOTAP 4.0 458.47+ 140.42 500.66t 105.57 63.93t 1.82 51.27+ 4.48
DOTAP + DOPE 15:1.5 633.3F 49.80 607.43+ 105.93 70.3H 1.47 60.87+ 3.09
DOTAP + Tween 20 15:15 654.76 68.44 873.17 95.94 47.31+ 1.03 67.05+ 1.67
DOTAP + Tween 80 15:1.5 348.18 24.61 791.38+ 195.01 65.79 2.34 66.68+ 1.82
DOTAP + cholesterol 15:15 433.3% 18.59 556.89+ 68.03 60.76+ 2.70 47.21+ 2.58
DOTAP + stearylamine 15:1.5 310.492.97 3344.00 167.83 52.31 5.04 33.76+ 4.01
DOTAP + PEI (750 kDa) 15:15 395.40 13.04 722.05 66.96- 2.44 41.45+ 4.77
DOTAP + DOPE 2.0:1.0 661.64 53.14 704.0G+ 92.32 74.3% 1.63 53.16+ 5.45
DOTAP + DOPE 1.0:2.0 459.7@ 33.12 41791 20.35 62.76+ 2.33 60.05+ 6.18
DOTAP + cholesterol 2.0:1.0 425.19 11.96 499.08t 22.98 73.19+ 1.05 67.09+ 3.88
DOTAP + cholesterol 1.0:2.0 357.4% 1.23 430.78+ 31.90 68.70+ 0.40 60.63+ 6.66

Each value represents the mea8.D. (1= 3).



C.-F. Hung et al. / International Journal

3.2. Effect of various co-emulsifiers in lipid
emulsions

All co-emulsifiers, except for Tween 80, prepared
with DOTAP (1.5%:1.5%) for the emulsions were ca-
pable of forming complexes with DNA as judged by
results from agarose gel electrophore3ahle ). As
compared to the emulsion of 1.5% DOTAP alone (con-
trol group), the incorporation of co-emulsifiers en-

hanced the interaction between DNA and the emulsions

(t-test,p<0.05). The emulsions containing Tween 80
with a PEG moiety could not form tight complexes,

and some of free DNA was released into the agarose

gel (Fig. . It is evident that the PEG moieties in the

Tween series showed a steric hindrance in the interac-

tions of DNA binding to lipid formulations. This ef-

fect depends on the PEG chain content and the length2

(Rungsardthong et al., 20pIThat is why Tween 20,
which has a shorter alkyl length than Tween 80, did
not show reduced trapping efficiency as compared to
Tween 80.

A cell viability of 70-80% is acceptable for the
safety of a vector as a carrier for DNA. Non-ionic

species such as DOPE, Tween 20, and cholesterol car

maintain a high and tolerable viability of the COS-
1 line (Table 2. However, Tween 80 can cause cell
death to a certain extent in the absence of serum.
Non-ionic surfactants such as Tween 80 are known
to destabilize cell membranes since the lipid can ex-
tract proteins from the membrane, thus increasing the
membrane’s fluidity I(iu et al., 199§. In contrast to
Tween 80, stearylamine showed low-cell viability in
the presence of serum. PEI (750 kDa) in lipid emulsions
was the most toxic co-emulsifier among all species
tested.

B-Galactosidase expression was evaluated follow-
ing transfection with emulsions as shown kig. 3.
DOPE, cholesterol, stearylamine, and PEI (750 kDa)
were generally more-active co-emulsifiers in the COS-
1 cell line. Most of the vectors currently used for in
vitro gene transfer are much less efficient in the pres-
ence of serumEscriou et al., 1998 The advantage of
using cationic emulsions as agene carrier is the stability
of the emulsion itself and of the emulsion/DNA com-
plexes in the presence of seru@hlng et al., 2001
DOPE, cholesterol, and stearylamine in lipid emul-
sions can maintain high-in vitro transfection activities
in serum comparable to the activity without serum. Be-
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Fig. 3. In vitro transfection efficiency of lipid emulsions of DOTAP
(1.5%) with various co-emulsifiers in a ratio of 1:1 (w/w) determined
by B-galactosidase activity (A) and calibrat@ejalactosidase activ-
ity. Each value represents the meia8.D. (1=4). The calibrateg-
galactosidase activity meafisgalactosidase activity (mU) divided
by cell viability (%).

cause of the sufficient transfection in serum-containing
medium, these emulsions are expected to be useful in
vivo by utilizing systemic injections. However, the low-
cell viability for stearylamine-containing emulsions in
the presence of serum may limit the application of this
emulsion. The same phenomenon was observed for
Tween 80 and PEI (750kDa). We also used PEI as a
co-emulsifier with various MWs (0.8, 2, and 750 kDa)
in the MTT assay. As shown ifiable 2 cell viability

was not improved by using PEI with different MWs.
Although PEI (750 kDa) showed a sufficient calibrated
transfection, it is not suitable for application because
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of the safety to cells regardless of the MW of PEIl in- DOPE itself possesses neutral charges, the enhanced
corporated into the emulsions. charges on the droplet surface may have been because
Sinceitis preferablein practical use to find a balance DOPE in the oil droplet accumulated free DOTAP onto
between transfection activity and toxicity of a partic- the surface of the droplet due to presence of the same
ular emulsion, DOPE and cholesterol may be feasible functional group (l,2-dioleoysn-glycero-3-) of DOPE
for this purpose. DOPE is a preferred helper lipid for and DOTAP. When adding DNA to form complexes,
cationic liposome-mediated DNA transfer, as it con- however, the zeta potential was greatly reduced to
tains a phosphoethanolamine headgroup to facilitate —29.34+ 7.71 mV for DOPE emulsiondhen FCS
transfer of DNA from endosomes to the cytosbiy was used as the medium for measuring zeta potential
et al., 1996 Wong et al., 200R The transfection ef-  of DOPE it also showed a negative charge value of
ficiency of lipopolymers as a gene vector is enhanced —10.81+1.17 mV. The cationic complexes suppos-
by cholesterol's moietyl(ee et al., 2008 Cholesterol edly bind to glycosaminoglycans on the cell surfaces by
is taken up by cells through receptor-mediated endo- electrostatic interactiond/islick and Baldeschwieler,
cytosis or transfer from lipoproteins. The same effect 1996. The negatively charged complexes of DOPE
may be also observed in lipid emulsions in the present may interact with different sites of the cell surface from
study. those interacting with positively charged ones. Some
The incorporation of Tween 80 into the lipid emul- studies reported that negatively charged complexes
sion produced a small droplet size, which might have show effective transfectionFasbender et al., 1995;
been due to the steric repulsion of the PEG moiety Ishiwata et al., 2000 It is proposed that the highly
in Tween 80 preventing aggregation between droplets negative charge of DOPE emulsion may strongly in-
(Table 3. This effect was not detected for Tween 20, teract with the binding site of cells, resulting in higher
whose structure has a shorter chain length. On the otherDNA expression. The addition of neither the positively
hand, the electrostatic repulsion by the two positive charged stearylamine nor PEI (750 kDa) significantly
co-emulsifiers, stearylamine and PEI (750kDa), con- increased the positive charges of the lipid emulsions
tributed to the small size of both emulsions. There was (Table 3. The Tween 80-containing emulsion showed
no correlation between the size distribution and trans- a zeta potential of-1.62+ 0.25mV in the presence
fection efficiency of lipid emulsions, indicating that of serum. The size of the emulsion was significantly
the size of the emulsions did not affect their transfec- smaller than that of DOPE-{est,p<0.05).
tion activities. Interactions between serum components  After storage at 50C for 49 days, stearylamine
and emulsions, such as electrostatic and hydropho-greatly destabilized the emulsion with a 10-fold in-
bic interactions, may increase the size and change thecrease in droplet sizeTéble 3. The great reduction
properties of dropletsMao et al., 200L FCS was in the zeta potential after 49 days caused the loss of
used as the medium to examine the size of emulsionselectrostatic repulsion between droplets. In contrast
with DOPE and Tween 80 in the presence of serum. to stearylamine, no size change was observed for the
No significant particle growth was found for DOPE DOPE-containing emulsion for 49 days. It has been re-
(777.87+£82.20 nm) or Tween 80 (298.576.11 nm) ported that stability-enhanced vectors have better trans-
compared to the size in the absence of serum. Since thefection activity, especially under serum and in vivo
transfection ability of DOPE and Tween 80 in serum conditions Ren et al., 1999; Kim et al., 20D10ur
greatly differed, the stability of size in the presence of results confirmed this hypothesis. The zeta potential
serum did not govern the process of transfection. The of DOPE-containing emulsions also showed a minor
key point for the maintenance of size stability may be reduction after long-term storage. A previous investi-
the incorporation of squalane or DOTAP but not the co- gation reported that emulsions become unstable and
emulsifiers in the lipid emulsion€hung et al., 2001 have a bigger size after incorporating DOPE because
As compared to the emulsion with 1.5% DOTAP itis not a good emulsifie{im et al., 200). However,
alone, the addition of co-emulsifiers at 1.5% only the DOPE-containing emulsion in this study exhibited
slightly changed the zeta potential of droplet surfaces high-stability and transfection efficiency as compared
(Table 3. The DOPE-containing emulsion showed tothe emulsionwith DOTAP alone. This may have been
the highest zeta potential of 70.%71.47 mV. Since due to the different oil phase utilized (squalene versus
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squalane). Another possibility is the discrepancy be-
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to the buffering capacity of PEI and is well known as

tween the preparations of emulsion, i.e., the energy of the “proton sponge” hypothesi§ébhart and Kabanov,
sonication, treatment period, and the sequence of the2007). As aresultas shown ffig. 4, the acid—base titra-
process. Tween 20 and Tween 80 maintained their zetation curves of all PEls and stearylamine, the cationic

potentials to a certain degree for 49 dayalfle 3. We

hypothesized that the surface conjugation of PEG in-

species, exhibited great buffer capacity over almost the
entire pH range. The other co-emulsifiers tested did

creases the hydrophilicity of the droplets, and lowers not show such potential buffering capacity. It may be

their surface free energi@o et al., 200 However,

demonstrated that the ability to bind protons resulting

this effect could not prevent the aggregation of droplets in the buffering properties is not a sufficient factor to

during long-term storage.

Although PEI caused unacceptable cell death during

transfection Table 2, the calibrated3-galactosidase
amountwas highin surviving cells. PEIl promotes trans-
fection by preventing degradation of DNA by lyso-

somal enzymes and by disrupting endosomes in thes

transfection proces3éng and Szoka, 1997; Lee et al.,

2003. The disruption of endosomes may cause both
cell death and high-gene expression. This is related
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Fig. 4. The acid—base titration of lipid emulsions of DOTAP (1.5%)
with various co-emulsifiers in a ratio of 1:1 (w/w).
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Fig. 5. In vitro transfection efficiency of lipid emulsions of DOTAP
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by cell viability (%).
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Table 4
The cell viability and transfection efficiency of lipid emulsions on various cell lines

Cellline  Formulation Cell viability (%) Transfection (mU/well) Calibrated transfection
(mU/well)
Without serum With serum Without serum ~ With serum  Without serum  With serum

A549 DOTAP 1.5% 110.8%& 6.55 105.04+ 5.04 0.16+ 0.04 0.10+ 0.04 0.14+ 0.04 0.09+ 0.03
DOTAP:DOPE=1:1 101.83% 27.75 78.78+ 27.38 0.21+ 0.11 0.294+ 0.08 0.21+ 0.10 0.374+ 0.10
DOTAP:Tween 80=1:1 39.76- 18.38 97.42+ 32.48 0.13+ 0.07 0.15+ 0.02 0.32+ 0.16 0.15+ 0.02
DOTAP:cholesterol=1:1  78.7% 13.24 83.69+ 21.20 0.20+ 0.04 0.234+ 0.06 0.25+ 0.06 0.244 0.05

HaCaT DOTAP 1.5% 27.08 14.30 122.40+ 39.67 0.234+ 0.04 0.104+ 0.02 0.86+ 0.14 0.084- 0.02
DOTAP:DOPE=1:1 18.4% 13.02 97.43+12.28 0.19+ 0.08 0.15+ 0.04 1.03+ 0.44 0.15+ 0.04
DOTAP:Tween 80=1:1 32.26: 10.83 109.45+ 17.75 0.124 0.02 0.144-0.01 0.39+0.07 0.1% 0.01
DOTAP:cholesterol=1:1  39.6& 9.63 85.15+ 19.23  0.25+ 0.09 0.09+ 0.04 0.63+ 0.23 0.114+ 0.06

Each value represents the meia8.D. (1=4). The calibrate-galactosidase activity meafisgalactosidase activity (mU) divided by cell
viability (%).

3.3. Effect of various DOPE or cholesterol
proportions in lipid emulsions

lower interaction with DNA Table J). However, this
low interaction did not reduce the transfection activ-
ity of the emulsionsKig. 5. This may indicate that
Since DOPE and cholesterol showed good transfec- the trapping efficiency between lipid emulsions and
tion efficiencies and stabilities for emulsions, DOPE or DNA does not necessary affect DNA expression via
cholesterol and DOTAP in various ratios (1.5:1.5, 2:1, the emulsions. Another observation is that the trans-
and 1:2) were used to form emulsions for further inves- fection activity in the presence of serum increased fol-
tigation. As shown ifmable 1 an excess of DOPE ata lowing the increase in cholesterol proportions. This
ratio of DOTAP: DOPE of 1:2 was loosely associated result somewhat differs from that of DOPE, indicat-
with DNA to form complexes. The cell viability in the  ing the different mechanisms of transfection between
absence of serum was also acceptable ranges for thighese two lipids. As depicted ifable 3 the emulsions
ratio (Table 3. However, the cell viability in the pres-  with 2% DOPE or cholesterol significantly (Student’s
ence of serum, which mimics the in vivo condition, was t-test,p<0.05) reduced the droplet size as compared
tolerable for all DOPE-containing emulsions. Altering to the emulsions with lower concentrations. The pro-
the DOPE proportion did not change the good stability files of size and zeta potential after 49 days of storage
of emulsions as demonstrated by droplet size and zetaalso assured the good stability of the emulsions with

potential Table 3.

As shown inFig. 5, the transfection activities of
emulsions with 1% and 1.5% DOPE were compa-
rable (Student'd-testp>0.05). The similar trapping
volumes of DNA and physicochemical characteristics
of both emulsions may predict this result of transfec-
tion. LowerB-galactosidase expression from the emul-

cholesterol Table 3. The safety of cholesterol was ac-
ceptable according to the MTT assay, except for the
emulsion with 2% cholesterol in the absence of serum.
This might not affect the application of this emulsion
in in vivo conditions.

3.4. Transfection of lipid emulsion by different cell

sion with 2% DOPE was observed in the presence of lines

serum. This may have been due to the looser interac-

tion between DNA and the emulsion. The components

in serum may decompose the dissociated DNA. There-

fore, a sufficient concentration of DOTAP of greater
than 1.5% was needed for lipid emulsions to maintain
good transfection ability.

Similar to the trapping efficiency of DOPE, the
higher proportion of cholesterol (2%) resulted in a

B-Galactosidase expression was evaluated follow-
ing transfection of lipid emulsions in various cell lines
to assess cell-type dependence of the emulsions. Two
cell lines, A549 and HaCaT, were used for examina-
tion. A549 is a cell line of human lung epithelial cells,
while HaCaT is a cell line of human keratinocytes in the
skin. A previous investigation showed that liposomes
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