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bstract

Since solid lipid nanoparticles (SLNs) were introduced as non-viral transfection systems, very few reports of their use for gene delivery have
een published. In this work different formulations based on SLN–DNA complexes were formulated in order to evaluate the influence of the
ormulation components on the “in vitro” transfection capacity. SLNs composed by the solid lipid Precirol® ATO 5, the cationic lipid DOTAP and
he surfactant Tween 80, and SLN–DNA complexes prepared at different DOTAP/DNA ratios were characterized by studying their size, surface
harge, DNA protection capacity, transfection and cell viability in HEK293 cultured cells. The incorporation of Tween 80 allowed for the reduction
f the cationic lipid concentration. The formulations prepared at DOTAP/DNA ratios 7/1, 5/1 and 4/1 provided almost the same transfection levels

around 15% transfected cells), without significant differences between them (p > 0.05). Other assayed formulations presented lower transfection.
ransfection activity was dependent on the DOTAP/DNA ratio since it influences the DNA condensation into the SLNs. DNA condensation is a
rucial factor which conditions the transfection capacity of SLNs, because it influences DNA delivery from nanoparticles, gene protection from
xternal agents and DNA topology.
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. Introduction

Gene therapy is a rapidly advancing field with great potential
or the treatment of genetic and acquired systemic diseases. This
herapy requires the introduction of foreign DNA into the target
ells and a gene delivery system must be used to facilitate the
ellular uptake and the intracellular processing of the exogenous
NA. Gene delivery systems include viral vectors and non-viral
ectors. Viral vectors are the most effective, but their application
s limited by their immunogenicity, oncogenicity and the small
ize of the DNA they can transport. Non-viral vectors, however,
re safer, lowered cost, and more reproducible and do not present
NA size limit. The main problem of non-viral systems is their
ow transfection efficiency.
Non-viral transfection systems may be composed by cationic

eptides, cationic polymers or cationic lipids, and the combina-
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E-mail address: knppemuj@vc.ehu.es (J.L. Pedraz).

m
T
c
u
o
e
c

378-5173/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.ijpharm.2007.03.015
sfection

ion of some of those components is also possible (Tokunaga et
l., 2004; Hyndman et al., 2004).

Although there is a large number of publications about
ationic liposomes and cationic lipid emulsions for gene ther-
py, only a few reports about the use of solid lipid nanoparticles
SLNs) for delivery of genes (Tabatt et al., 2004a,b; Rudolph
t al., 2004; Pedersen et al., 2006) have been published since
lbrich et al. (2001) introduced these particles as a non-viral

ransfection system. From the point of view of application, SLNs
ave good stability (Freitas and Müller, 1999), which facili-
ates the industrial elaboration and the manipulation for different
rocesses such as lyophilization.

In most cases the elaboration of SLNs in addition to the
atrix lipid and the cationic lipid requires additional surfactants.
ween 80 is one of the most employed surfactants in pharma-
eutical industry, and it has some interesting characteristics to be

sed in formulations for gene therapy, because of the presence
f poly(ethyleneglycol) (PEG) chains in its structure. Differ-
nt research groups have observed that the presence of PEG in
ationic lipid emulsions (Liu et al., 1996a,b) and in liposomes

mailto:knppemuj@vc.ehu.es
dx.doi.org/10.1016/j.ijpharm.2007.03.015
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Meyer et al., 1998) improves their transfection capacity. Liu et
l. (1996a) showed that Tween 80 was the most effective non-
onic surfactant to avoid the formation of aggregates. In their
pinion, when complexes are formed each molecule of DNA
ay bind more than one emulsion particle such that large aggre-

ates are formed. However, Tween 80 may prevent sterically
ach DNA molecule from binding to more than one particle and
he formation of such large aggregates does not occur. Besides,
ween 80 has another important characteristic for the transfec-

ion of these systems “in vivo”. It creates a steric barrier (Harvie
t al., 2006) which neutralizes the excess of positive charges of
he systems and reduces the interaction with blood components,
uch as serum proteins, which could limit the arrival of the gene
herapy system to the cell surface.

In order to form lipoplexes the positive superficial charge of
he systems is necessary to electrostatically bind the DNA, which
as negative charge. When DNA binds with these systems it is
ondensed, and that condensation increases as the charges ratio
+/−) increases (Faneca et al., 2002). Condensation is necessary
o facilitate the mobility of DNA molecules, which is limited by
heir large size, and to protect the DNA from agents present
nter and intracellulary. Condensation reduces the exposure of
he DNA to those agents and improves its protection. However,
aneca et al. (2002) also indicated that DNA condensation may

imit the transfection efficiency of non-viral systems because the
arger the condensation the more difficult the release of the DNA
rom the complexes.

The objective of this study was to evaluate the influence of
he composition of SLN–DNA complexes for gene therapy on
heir transfection capacity of culture cells. These non-viral vec-
ors have not been studied as extensively as liposomes for gene
herapy, and the aim of this work was to evaluate some relevant
ormulation factors which may be important to improve their
pplication in gene therapy. The influence of composition of
LNs and DOTAP/DNA ratio was studied.

. Materials and methods

.1. Materials

Precirol® ATO 5 was provided by Gattefossé (Madrid,
pain). N-[1-(2,3-Dioleoyloxy) propyl]-N,N,N-trimethyl-
mmonium chloride (DOTAP), deoxyribonuclease I (DNase
), lauryl sulfate sodium (SDS), antibiotic/antimycotic and
NA from salmon sperm were purchased from Sigma–Aldrich

Madrid, Spain). Tween 80 was provided by Vencaser (Bilbao,
pain) and dichloromethane by Panreac (Barcelona, Spain).

Plasmid pCMS-EGFP encoding the green fluorescent protein
GFP) was purchased from BD Biosciences Clontech (Palo Alto,
SA) and amplified by Dro S.L. (San Sebastián, Spain).
The materials employed for the electrophoresis on agarose

el were acquired from Bio-Rad (Madrid, Spain). PicoGreen®

sDNA quantitation reagent (PicoGreen®) was provided by

olecular Probes (Oregon, USA).
The cell culture reagents were purchased from LGC Pro-

ochem (Barcelona, Spain).
BD Viaprobe kit was provided by BD Biosciences (Belgium).
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.2. SLN production

The SLNs were produced by a solvent emulsifica-
ion/evaporation technique (Mehnert and Mader, 2001). The
ipid Precirol® ATO 5 was dissolved in the organic solvent
ichloromethane (5%, w/v), and then emulsified in an aqueous
hase that contained the cationic lipid DOTAP and the surfac-
ant Tween 80. Different concentrations (w/v) of DOTAP and
ween 80 were used—formulation 1: DOTAP 0.4% and Tween
0 0.1%; formulation 2: DOTAP 0.3% and Tween 80 0.2%; for-
ulation 3: DOTAP 0.3% and Tween 80 0.1%. The emulsion
as obtained by sonication (Branson Sonifier 250, Danbury)
uring 30 s at 50 W. The organic solvent then was removed
rom the emulsion by evaporation using a magnetic agitator
or 45 min followed by vacuum conditions for 15 min. Upon
ichloromethane evaporation SLNs suspension was formed by
recipitation of the Precirol® ATO 5 in the aqueous medium.
inally, SLNs were washed by centrifugation (3000 rpm, 20 min,

hree times) using the Amicon® Ultra centrifugal filters (Milli-
ore, Madrid, Spain).

.3. Preparation of SLN–DNA complexes

Twenty-five microliters of pCMS-EGFP plasmid DNA solu-
ion at 2 �g/�L concentration was mixed with different amounts
f SLNs suspensions in Mili-QTM water. The amounts of SLNs
equired for complete DNA binding were determined individu-
lly by agarose gel electrophoresis and expressed as w/w ratio of
OTAP/DNA. DOTAP/DNA ratios assayed ranged from 15/1

o 1/1. SLN–DNA complexes were prepared by mixing DNA
olution and SLNs suspension during 30 min at 25 ◦C.

.4. Size and zeta potential measurements

The sizes of SLNs and SLN–DNA complexes were deter-
ined by photon correlation spectroscopy (PCS). Zeta potential
as measured by laser doppler velocimetry (LDV). Both
easurements were performed on a Malvern Zetasizer 3000

Malvern Instruments, Worcestershire, UK). All samples were
iluted in NaCl 0.1 mM.

.5. Atomic force microscopy

SLNs and SLN–DNA complexes were observed by atomic
orce microscopy (AFM) using the MultimodeTM model from
igital Instruments. The images were captured in Tapping
odeTM using a cantilever of silicon rotated tapping etched sil-

con probe type (RTESP) with a resonance frequency of about
00 kHz.

.6. Agarose gel electrophoresis

SLN–DNA complexes were diluted in water Mili-QTM to

final concentration of 0.1 �g DNA/�L and subjected to elec-

rophoresis on an agarose gel (1% ethidium bromide included for
isualization) for 30 min at 120 V. The bands were observed with
model TFX-20M transilluminator (Vilber-Lourmat). Images
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80 0.1%.

As can be seen in Table 2, the size of the complexes obtained
at the DOTAP/DNA ratios from 15/1 to 4/1 decreased when
comparing with their corresponding SLNs (Table 1), whereas

Table 1
Composition and physicochemical characterization of SLN formulations

Cationic lipid Tween
80 (%)

Size (nm) Zeta potential
(mV)

Polydispersity
index

DOTAP 0.4% 0.1 339.1 (12.4) +42.9 (1.3) 0.4 (0.1)
A. del Pozo-Rodrı́guez et al. / International

ere captured using a digital camera from BioRad, DigiDoc
odel.

.7. Quantitation of DNA binding: PicoGreen® assay

SLN–DNA complexes were washed by centrifugation using
he PVDF centrifugal filters Ultrafree® MC GV 0.22 �m
Millipore, Madrid, Spain). The filtered phase during the cen-
rifugation was recovered and mixed with the PicoGreen®

eagent. The fluorescence of the samples was measured by
SFM 25 fluorometer (excitation 480 nm, emission 520 nm).

rom the measured fluorescence we calculated the amount of
NA which was not bound to the SLNs.

.8. DNase I protection study

DNase I was added to SLN–DNA complexes to a final con-
entration of 1 U DNase I/2.5 �g DNA, and the mixtures were
ncubated at 37 ◦C for 30 min. Afterwards 2% SDS solution was
dded to the samples to a final concentration of 1% to release
NA from SLNs. Samples were then analysed by electrophore-

is on agarose gel and the integrity of the DNA in each sample
as compared with untreated DNA as control.

.9. Cell culture and transfection protocol

The Human Embrionic Kidney (HEK293) cell line was
btained from the American Type Culture Cell (ATCC) and
aintained in Eagle’s Minimal Essential medium with Earle’s
SS and 2 mM l-glutamine (EMEM) supplemented with 10%
eat-inactivated horse serum and 1% antibiotic/antimycotic.
ells were incubated at 37 ◦C with 5% CO2 in air and sub-
ultured every 2–3 days using trypsin/EDTA.

For transfection HEK293 cells were seeded on 24-well plates
t a density of 150,000 cells per well and allowed to adhere
vernight. Seventy-five microliters of the complexes solution
2.5 �g DNA) was added, and cells were incubated with the
omplexes for 4 h at 37 ◦C. The medium containing the com-
lexes in the wells was diluted with 1 mL of complete medium
nd cells were allowed to grow for further 72 h.

As a blank we used SLN–DNA complexes formulated in the
ame conditions but with DNA from salmon sperm instead of
CMS-EGFP plasmid.

.10. Qualitative analysis of transfection efficacy:
uorescent microscopy

Detection of expression of GFP was carried out at 72 h post-
ransfection using an inverted microscope equipped with an
ttachment for fluorescent observation (model EclipseTE2000-
, Nikon). Observations and image captures were performed
sing a 20× objective.

.11. Quantitative analysis of transfection efficacy and

ytotoxicity: flow cytometry

At the end of the incubation, cells were washed once with
00 �L of PBS and were detached with 300 �L of trypsin/EDTA.

D
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M
a
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hen the cells were centrifuged at 1500 × g and the super-
atant was discarded. The cells were resuspended with PBS
nd directly introduced to a FACSCalibur flow cytometer (Bec-
on Dickinson Biosciences, San Jose, USA). For each sample
0,000 events were collected.

For transfection efficacy quantitation fluorescence of GFP
as collected at 525 nm (FL1). For cytotoxicity measurements
D Via-Probe kit was employed. This reagent was used for dead
ell exclusion. Five microliters of the kit was added to each sam-
le and after 10 min of incubation fluorescence correspondent
o dead cells was measured at 650 nm (FL3).

.12. Statistical analysis

Results are reported as means (S.D. = standard deviation).
tatistical analysis was made with SPSS 14.0 for Windows®
SPSS®, Chicago, USA). Normal distribution of samples was
ssessed by the Shapiro–Wilk’s test, and homogeneity of the
ariance by the Levene’s test. The statistical analysis between
ifferent groups was determined with an ANOVA test. Differ-
nces were considered statistically significant if p < 0.05.

. Results

.1. Characterization of SLNs

Table 1 summarizes particle size, zeta potential and poly-
ispersity indexes of SLNs composed by different amounts of
OTAP and Tween 80. The particle size ranged from 340 to
73 nm and the zeta potential was positive, around +45 mV, for
ll formulations. Polydispersity indexes were 0.4, 0.2 and 0.3 for
LNs composed by DOTAP 0.4% Tween 80 0.1%, DOTAP 0.3%
ween 80 0.2% and DOTAP 0.3% Tween 80 0.1%, respectively.
o statistically significant differences (p > 0.05) were observed
etween the formulations.

The atomic force microscopy (AFM) images of SLNs indi-
ated that nanoparticles were spherical. The image in Fig. 1A
orresponds to the visualization of a batch of SLNs.

.2. Characterization of SLN–DNA complexes

SLN–DNA complexes for an extensive characterization were
repared with the SLNs composed by DOTAP 0.4% and Tween
OTAP 0.3% 0.2 373.2 (42.9) +48.1 (5.6) 0.2 (0.2)
OTAP 0.3% 0.1 367.3 (129.6) +49.8 (5.9) 0.3 (0.1)

ean (S.D. = standard deviation) (n = 3). The matrix lipid was Precirol® ATO 5
t 5% in all formulations.
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F rce microscopy. SLNs were composed by DOTAP 0.4% and Tween 80 0.1%, and
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Fig. 2. Binding efficiency of DNA with SLNs at different DOTAP/DNA ratios
(
l
2
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ig. 1. Image of SLNs (A) and SLN–DNA complexes (B) taken by atomic fo
LN–DNA complexes were prepared at DOTAP/DNA ratio 5/1 (w/w).

size increase took place with the ratio 3/1 or smaller (big-
er than 1 �m). No significant differences between the sizes of
he complexes at ratios 15/1 to 4/1 were detected (p > 0.05).
olydispersity indexes were higher than those obtained with
LNs.

The zeta potential (Table 2) was highly positive for
OTAP/DNA ratios 15/1 to 4/1, ranging from +30 to +40 mV.
owever, when DOTAP/DNA ratio was 3/1 or lower zeta poten-

ial became negative.
Fig. 2 shows the gel electrophoresis resulting from the bind-

ng efficiency assay carried out with the different DOTAP/DNA
atios used in the elaboration of the complexes. Lane 1 corre-
ponds to free DNA. On lanes 2–7 (ratios from 15/1 to 4/1)
here was no band corresponding to free DNA, which means
hat all DNA was bound to the SLNs. Ratios 3/1, 2.5/1 and
/1 (lanes 8, 9 and 10, respectively) revealed bands indicating
hat SLNs were not capable to bind all DNA. These results
re in agreement with those obtained with the PicoGreen®
ssay, which showed that DOTAP/DNA ratios equal or higher
han 4/1 presented a binding efficiency of 100%, whereas
hen this ratio was 3/1 or smaller the binding efficiency
ecreased.

able 2
hysicochemical characterization of SLN–DNA complexes

OTAP/DNA
atio (w/w)

Size (nm) Zeta potential
(mV)

Polydispersity
index

5/1 258.5 (23.1) +40.6 (5.6) 0.5 (0.3)
0/1 216.7 (44.2) +46.6 (4.4) 0.7 (0.3)
/1 260.1 (18.7) +38.9 (7.1) 0.7 (0.2)
/1 255.9 (61.7) +35.3 (2.6) 0.7 (0.2)
/1 249.2 (25.3) +36.5 (2.8) 0.4 (0.3)
/1 240.4 (10.9) +32.4 (0.9) 0.7 (0.1)
/1 >1 �m −11.9 (5.2) –
.5/1 >1 �m −23.7 (2.9) –
/1 >1 �m −37.1 (1.9) –

LNs were composed by DOTAP 0.4% and Tween 80 0.1%. The size of the
orresponding SLNs was 339.1 (12.4). Mean (S.D. = standard deviation) (n = 3).

t
L
I
b
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w/w) studied by agarose gel electrophoresis. Lane 1: free DNA; lane 2: 15/1;
ane 3: 10/1; lane 4: 7/1; lane 5: 6/1; lane 6: 5/1; lane 7: 4/1; lane 8: 3/1; lane 9:
.5/1; lane 10: 1/1.

.3. “In vitro” resistance against DNase I

Fig. 3 features the gel electrophoresis with the results of resis-
ance of DNA bound to SLNs against the attack of DNase I.

anes 1 and 2 correspond to non-treated free DNA and DNase
treated free DNA, respectively. No band on lane 2 is observed
ecause free DNA was totally digested by the enzyme. The

ig. 3. Protection of DNA by SLNs from DNase digestion at different
OTAP/DNA ratios (w/w) visualized by agarose gel electrophoresis. SLN–DNA

omplexes were treated with DNase I. Lane 1: not treated free DNA; lane 2:
Nase-treated free DNA; lane 3: 15/1; lane 4: 10/1; lane 5: 7/1; lane 6: 6/1; lane
: 5/1; lane 8: 4/1; lane 9: 3/1; lane 10: 2.5/1; lane 11: 1/1; OC: open circular
orm; L: lineal form; SC: supercoiled form.
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ig. 4. Transfection activity and cell viability of the different formulations ass
OTAP/DNA ratio on transfection activity; (C) percentage of alive cells after th
0 0.1%. *p < 0.05 against to DOTAP/DNA ratios 15/1 and 10/1.

resence of bands on lanes 3–8 demonstrated that SLN–DNA
omplexes prepared at DOTAP/DNA ratios from 15/1 to 4/1
ere able to protect DNA. DOTAP/DNA ratios equal or below
/1 failed to prevent nuclease digestion of the DNA (lanes
–11).

The agarose gel electrophoresis also allowed us to detect the
resence of different DNA topology forms after the treatment
ith DNase I. Non-treated free DNA (lane 1), which was not in

ontact with the DNase, presented only two bands. The lower
and corresponds to the supercoiled form (SC) and the upper
and to the open circular form (OC). When the SLN–DNA com-
lexes were treated with DNase I another intermediate band
ppeared, which corresponds to the linear form (L).

.4. Transfection “in vitro”

The highest transfection activity (Fig. 4A) was obtained
ith SLNs composed by DOTAP 0.4% and Tween 80 0.1%:
4.8% cells produced green fluorescent protein (GFP). This
ransfection level was statistically higher (p < 0.05) than the per-
entage of transfected cells obtained with the SLNs composed by
OTAP 0.3% and Tween 80 0.2% or DOTAP 0.3% and Tween
0 0.1% (5.9% and 4.0% transfected cells, respectively). No
tatistically significant differences appeared between these two

ormulations (p > 0.05). Fig. 5A shows green fluorescence due to
he transfection of cells with SLN–DNA complexes composed
y DOTAP 0.4% and Tween 80 0.1%, at DOTAP/DNA ratio 5/1,
nd Fig. 5B the correspondent phase contrast image.

4

r

(A) influence of SLNs composition on transfection activity; (B) influence of
ment with the different formulations. ap < 0.05 against to DOTAP 0.4%, Tween

In order to study the influence of the ratio SLN/DNA on
he transfection ability we chose the formulation composed by
OTAP 0.4% and Tween 80 0.1% because it was the formula-

ion with the highest transfection capacity. DOTAP/DNA ratios
mployed were 15/1, 10/1, 7/1, 5/1 and 4/1.

As can be seen in Fig. 4B, the complexes prepared at the high-
st ratios (15/1 and 10/1) provided smaller transfection levels
p < 0.05), around 9.5% GFP-positive cells, than the complexes
repared using ratios 7/1, 5/1 and 4/1, which transfected about
5% of the cells in culture. No significant differences were
etected between these three formulations (p > 0.05).

.5. Cytotoxicity of the different formulations on HEK293
ell culture

In order to evaluate the effect of the formulations on cell
iability, the percentage of dead cells was determined by flow
ytometry. Fig. 4C presents these results. The viability was near
5% for both the cells treated with transfection systems and the
on-treated cells (p > 0.05).

After 1-month storage of the SLNs at 4 ◦C the transfection
evels and the cell viability obtained with these systems were

aintained (data not shown).
. Discussion

In spite of the advantages of SLNs over liposomes, mainly in
elation to their stability and manufacture processes, very few
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Fig. 5. GFP-positive cells obtained with SLN–DNA complexes composed by
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OTAP 0.4% and Tween 80 0.1%, at DOTAP/DNA ratio 5/1 (w/w) observed by
nverted fluorescent microscopy (20× objective): (A) fluorescence image; (B)
hase contrast image.

eports about the use of SLNs in gene delivery (Olbrich et al.,
001; Tabatt et al., 2004a,b; Rudolph et al., 2004; Pedersen et
l., 2006) have been published.

We have prepared nanoparticles with Precirol® ATO 5,
OTAP and Tween 80, and we evaluated their transfec-

ion capacity. Furthermore, we evaluated the influence of the
OTAP/DNA ratio on the transfection activity of the SLN–DNA

omplexes.
Cationic lipids are needed for the preparation of SLNs used

n gene therapy because of their surfactant activity and their
ositive charge. The surfactant activity is necessary to obtain
he initial emulsion, and the positive charge to provide the
uperficial charge to the SLNs. The positive superficial charge
f the SLNs is needed for their further interaction with neg-
tive charged DNA to form SLN–DNA complexes. However,
ationic lipids can be toxic on repeated use and can induce
nflammatory reactions “in vivo” (Han et al., 2000). We pre-

ared SLNs with one of the most commonly used cationic lipids
n gene therapy, DOTAP. The minimum proportion necessary
o form a stable emulsion was 1%. Due to the risk of toxi-
ity of cationic tensioactives we decreased the proportion of

b

c
e

nal of Pharmaceutics 339 (2007) 261–268

OTAP in the formulations thanks to the addition of Tween 80.
s we mentioned above this tensioactive has flattering proper-

ies for gene therapy in terms of formulation and transfection
ctivity.

Once the SLNs were synthesized, we proceeded to prepare
he SLN–DNA complexes. As can be seen in Fig. 1 the spher-
cal shape was maintained. However, the size of the complexes
Table 2) was smaller than the size of the correspondent SLNs
hen DOTAP/DNA ratios from 15/1 to 4/1 were used (339 nm
ersus approximately 250 nm). The reduction in size is due to the
NA compactation. At the minor ratios (3/1, 2.5/1 and 1/1) the

ize increased because the SLNs lost the DNA binding and con-
ensation capacity. We have observed that the degree of DNA
ondensation increases when increasing the cationic lipid/DNA
atio. Similar results have been obtained by Mahato et al. (1995),
errari et al. (1998) and Faneca et al. (2002).

The zeta potential (Table 2) was highly positive, between +30
nd +40 mV, for the highest DOTAP/DNA ratios (from 15/1
o 4/1), but for the minor ratios (3/1, 2.5/1 and 1/1) the zeta
otential became negative. The smaller the DOTAP/DNA ratio
s, the lower DNA condensation is provided by the complexes,
hich allows for the exposure of the DNA-negative charges.
or gene therapy the positive charge of the non-viral systems

s advantageous because it facilitates the interaction with the
egative charged cell surface and the cell entry. Elouahabi and
uysschaert (2005) have postulated that this positive charge
ould also improve the entry in the cell facilitating the invagina-
ion of the cell plasma membrane and inducing the early steps
f the endocytosis process. Clathrin-mediated endocytosis is the
ain entry process for the cationic lipid formulations (Rejman et

l., 2005), but fusion is also possible. We have prepared formula-
ions with positive superficial charge, which improves endocytic
athways because, when the systems enter by fusion, part of the
NA can be released to the medium and not to the cytoplasm

Elouahabi et al., 2003).
The binding efficiency assay showed that DOTAP/DNA

atios 4/1 or higher are necessary to bind DNA completely. When
OTAP/DNA ratios from 3/1 to 1/1 were employed the bind-

ng efficiency decreased and it was reduced to almost half at
OTAP/DNA ratio 1/1.
An important advantage of non-viral systems in gene ther-

py is their capacity to protect DNA from components of the
edium, and fundamentally from DNases digestion. In order to

tudy the protection capacity of the SLNs, we put SLN–DNA
omplexes prepared at different DOTAP/DNA ratios in con-
act with DNase I during 30 min at 37 ◦C, and we analyzed the
ntegrity of the DNA by agarose gel electrophoresis (Fig. 3).
esults showed that SLNs were able to protect DNA only at
OTAP/DNA ratios 4/1 or higher. However, the intensity of the
ands decreased as the DOTAP/DNA ratio decreased, which
ndicates that protection of the genes from DNAses depends on
ondensation degree. When the condensation decreases DNA
xposition to components in medium increases, and the digestion

y enzymes is easier.

Once the formulations possessed the technologically suitable
haracteristics for the desired application, the next step was their
valuation “in vitro”.
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On the basis of the results mentioned above, for transfec-
ion assays we worked with DOTAP/DNA ratios from 15/1 to
/1: those which bound all DNA provided high positive surface
harge and protected DNA from enzyme degradation.

Regarding the transfection activity of the different
LN–DNA formulations, those composed by the highest pro-
ortion of DOTAP, 0.4% (w/v), provided the highest transfection
evels (Fig. 4A), whereas the transfection obtained from those
ontaining a lower proportion of DOTAP, 0.3% (w/v), were sta-
istically smaller, independently of the amount of Tween 80.
lthough the transfection activity “in vitro” was influenced by

he cationic lipid proportion, and not by the Tween 80 con-
entration, this non-ionic surfactant determined the size and
orphology of SLNs because it was necessary to form a stable

nd homogeneous emulsion employing a lower DOTAP amount,
nd thus, reduce the formulation toxicity.

The transfection efficiency of the SLNs was also influenced
y the DOTAP/DNA ratio. At ratios 15/1 and 10/1 the transfec-
ion levels were significantly smaller than those obtained with
he ratios 7/1, 5/1 and 4/1 (Fig. 4B). These differences could be
xplained by the condensation degree of the DNA. Condensation
s necessary to facilitate the mobility of DNA molecules, which
s limited by their large size. Furthermore, it is interesting that
ormulations are able to bind and condensate DNA, providing
ositive charged complexes which protect DNA from external
gents. However, if condensation is excessive, the DNA release
rom the complexes is more difficult and transfection could be
imited. In fact, the release of DNA from the complexes may
e one of the most crucial steps determining the optimal ratio
or cationic lipid system-mediated transfection (Sakurai et al.,
000). In order to have an indication about the release of DNA
rom our SLNs based complexes, we quantified free DNA in
he culture medium of cells after 4 h in contact with the com-
lexes. For ratios 15/1, 10/1 and 7/1 about 16% of the DNA
ncorporated into the complexes and added to the culture cell
as free in the medium, compared to 37% detected at the minor

atios (5/1 and 4/1). These results fit in with those observed in
ig. 3, where the different bands intensity could suggest that
NA condensation is higher at ratios 15/1 to 7/1 than at 5/1

nd 4/1.
Faneca et al. (2002) studied the transfection capacity of

ationic liposomes at different charge ratios (+/−) and obtained
ower gene expression levels with complexes prepared at charges
atio 8/1 (+/−) as compared to 4/1 (+/−) complexes. They
ttributed that difference to the excessive condensation at charge
atio 8/1 (+/−), which made the dissociation of DNA from the
iposomes difficult. Our results coincide with those reported in
heir work.

Another important aspect to be considered for the design of
his kind of formulations is DNA topology. DNA can feature
hree forms: supercoiled (SC), open circular (OC) and linear
L). SC-DNA has been reported in the literature to be the most
ioactive form (Middaugh et al., 1998; Remaut et al., 2006).

ig. 3, obtained from the DNase I protection study, shows the
resence of the L-form after the treatment of the complexes
ith that enzyme. DNase I turns the SC-DNA, which is the
NA topology with the most transfection capacity, into OC by

H

al of Pharmaceutics 339 (2007) 261–268 267

utting one of the DNA double strands, and in a successive cut,
t breaks the OC- to the L-DNA (Sanders et al., 2006). Thus,
s the formulations with higher DOTAP/DNA ratio are the ones
hat better protect the DNA from DNases, they might be the

ost convenient for transfection from a point of view of DNA
opology.

Therefore, DNA condensation is a crucial factor which deter-
ines the transfection capacity of SLNs, because it influences

he superficial charge of the complexes and thus cell entry, DNA
elivery from nanoparticles, gene protection from DNAses and
ence DNA topology. An optimal DNA condensation must be
chieved when designing non-viral vectors. Complexes must
ave enough DNA condensation capacity to create an equilib-
ium between those three factors to obtain good transfection
evels.

We have also shown that SLN-complexes composed by
recirol® ATO 5, DOTAP and Tween 80 do not decrease cell
iability and present good stability properties after the storage
f the SLNs 1 month at 4 ◦C (data not shown).

In conclusion, this study shows the potential of solid lipid
anoparticles (SLNs) as non-viral vectors for gene therapy and
he main factors which can determine the efficacy of these
ystems. The “in vitro” transfection levels provided by the
ormulations developed are conditioned mainly by their DNA
ondensation capacity. There must be an equilibrium between
he gene protection degree, the binding forces of DNA to SLNs,
nd the DNA topology. This equilibrium is determined by
ationic lipid/DNA ratio and it must be optimized with every
ew formulation.
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