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Abstract

In order to find new efficient and safe agents for gene delivery, we have designed and synthesized nine novel single- and
double-charged amphiphiles on the base of 1,4-dihydropyridine (1,4-DHP) ring. Some biophysical properties of the
amphiphilic dihydropyridines and their complexes with DNA were examined. We investigated the transfer of B-galactosidase
gene into fibroblasts (CV1-P) and retinal pigment epithelial (D 407) cell lines in vitro. The structure—property relationships
of the compounds were investigated in various ways. The net surface charges of 1,4-DHP liposomes were highly positive (25—
49 mV). The double-charged compounds condensed DNA more efficiently than single-charged and the condensation
increases with the increasing +/— charge ratio between the carrier and DNA. Double-charged compounds showed also
buffering properties at endosomal pH and these compounds were more efficient in transfecting the cells, but transfection
efficiency of amphiphiles was cell type-dependent. The length of alkyl chains in double-charged compounds affected the
transfection efficacy. The most active amphiphile (compound VI) was double-charged and had two Cj, alkyl chains. At
optimal charge ratio (+/— 4), it was 2.5 times more effective than PEI 25 and 10 times better than DOTAP, known efficient
polymeric and liposomal transfection agents. Formulation of amphiphiles with DOPE did not change their activities. Our
data demonstrate some important effects of amphiphile structure on biophysics and activity. The data also suggest that
cationic amphiphilic 1,4-DHP derivatives may find use as DNA delivery system. © 2000 Elsevier Science B.V. All rights
reserved.
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1. Introduction efficient and safe delivery of DNA into the cells.
Although the viral vectors are currently the most

Gene therapy is based on the introduction of spe- efficient vehicles in gene delivery, they have some
cific exogenous sequences of DNA into the target disadvantages. Advantages and disadvantages of
cells for production of the therapeutic gene product the vectors were compiled recently by Verma [3].
[1,2]. The prerequisite for successful gene therapy is Disadvantages of the viral vectors include the risk

of oncogenicity, immune responses and difficulties

in industrial validation and upscaling [2,3]. Problems

* Corresponding author. Fax: +358-17-162252; of viral vectors have prompted the search of efficient
E-mail: arto.urtti@messi.uku.fi and safe non-viral delivery systems.
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Positively charged polymers, peptides and lipids
have been studied as gene delivery vehicles [4-9].
Cationic liposomes are the most extensively used
non-viral systems for gene transfection in vitro and
in vivo [3,10]. A large number of cationic lipids have
been developed to improve the gene transfer, but
toxicity, lack of biodegradability and low transfec-
tion efficacy still remain as problems [8,11-14].
Therefore, it is important to develop new transfec-
tion agents and to find out the essential structural
features for successful gene transfer.

Cationic non-viral vehicles form complexes with
DNA. These complexes augment the uptake of
DNA by the cells via endocytosis and, furthermore,
DNA delivery into the cytoplasm and nucleus [15].
The efficacy of DNA delivery may be affected at
several stages: DNA complexation, reaction with
extracellular macromolecules, cellular uptake, endo-
somal escape, nuclear entry and DNA release from
the complexes [8,15]. Importance of different stages
and the requirements related to the transfection abil-
ity are not well- known. Therefore, the design of new
effective transfection agents is a difficult task. It is
believed that liposomal gene delivery agents must
include a cationic component that is attached to a
non-polar part. Single and double alkyl chains, satu-
rated and unsaturated, as well as cholesterol have
been used as non-polar parts [1,6,9,11,16-20]. The
double-chain lipids have shown the greatest efficacies
[4]. Most synthetic cationic lipids are either quater-
nary ammonium salts, or lipoamines, although other
moieties have been described [11,17]. For example,
Walker et al. [16] showed that bile-acid-based facial
amphiphiles and their formulations with fusogenic
lipid  1,2-dioleoyl-3-phosphatidyl  ethanolamine
(DOPE) are effective in gene delivery in vitro. The
pyridinium-derived amphiphiles were proposed by
Van der Woude et al. [18] as effective and non-toxic
gene delivery agents in vitro. Likewise, the cationic
fatty acid derivatives of imidazolines [19] or alkyl
acyl carnitine ester [20] were shown to complex and
transfer the DNA into the cells in culture and in
mice. Despite these studies, the structure—activity re-
lationships of the cationic lipids in gene transfer are
not well understood and new efficient carriers are
needed for gene transfer.

In order to find new efficient and safe agents for
gene delivery, we have synthesized and investigated

synthetic amphiphilic compounds based on 1,4-dihy-
dropyridine (1,4-DHP) structures. 1,4-DHP deriva-
tives are known mostly as calcium channel blockers
in the therapy of cardiovascular diseases [21]. Other
physiological features include antioxidant [22,23], ra-
dioprotective [24], antibacterial [25] and membrano-
tropic [26] effects.

In this study, we introduce novel amphiphilic cat-
ionic 1,4-DHP derivatives as transfection agents.
After observing that these derivatives form vesicular
structures in water, we examined biophysical charac-
teristics of their cationic amphiphile/DNA complexes
and transfection efficacies. The results demonstrate
that several compounds are able to complex DNA
and show very high transfection efficacy in vitro.
Furthermore, some critical structural features for ac-
tivity were revealed.

2. Materials and methods

A series of novel cationic amphiphilic 1,4-DHP
derivatives I-1X (Fig. 1) were synthesized in Latvian
Institute of Organic Synthesis (Riga, Latvia). N-
(1-(2,3-Dioleoyloxy)propyl)-N, N, N-trimethyl ammo-
nium methylsulfate (DOTAP) and DOPE were ob-
tained from Avanti Polar Lipids (Alabaster, AL,
USA), polyethyleneimine of 25 kDa (PEI 25) from
Aldrich. Ethidium bromide (EtBr) was purchased
from Molecular Probes (Eugene, OR, USA), agarose
and o-nitrophenylgalactopyranoside (ONPG) from
Sigma.

2.1. Synthesis of amphiphiles

2.1.1. General procedure for the preparation of
compounds I-1V

SN
| B
HO =
ROOC—CH, H,C-COOR ROOC COOR  CH,I
SRPNETI s S
H,C 0 07 TCH, H,C N~ CH,
NH,
Ia-IVa IV

I: R= C12H25 5 II: R= C14H29 5 IIT: R= C16H33 5 1V:
R =(CH;),0COC5H3,
Derivatives of 2,6-dimethyl-3,5-dialkoxycarbonyl-
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4-(3-pyridyl)-1,4-dihydropyridine (Ia-IVa) were ob-
tained from the respective acetoacetic esters, 3-pyri-
dinecarbaldehyde and ammonia.

To obtain the 1-methyl-3-(2’,6"-dimethyl-3’,5"-dial-
koxycarbonyl-1’,4’-dihydropyridyl-4’)-pyridinium io-
dides (I-1V), the corresponding compounds la-1Va
(0.003 mol) were dissolved with heating in acetone or
a 1:1 mixture of acetone and chloroform (10-20 ml)
and methyl iodide (1.3 ml, 2.2 g, 0.015 mol) was
added in 2-3 aliquots over 20 min. The product
was refluxed for 1-3 h. After cooling, the filtered
precipitate was recrystallized from acetone. Yields
of products were 68—84%.

2.1.2. General procedure for the preparation of
compounds V-VIII

Ph

ROOC COOR ROOC COOR ROOC COOR
NBS | |
met ano acetone

171 CH Py Br
i

Va-Vlila Vb-VIIIb V-Vilt

V: R=C10H22; VI: R=C12H25; VII: R=C14H29;
VIII: R=C16H33

2,6-Dib-romomethyl-3,5-dialkoxycarbonyl-4-phe-
nyl-1,4-dihydropyridines (Vb-VIIIb) were prepared
by bromination of corresponding 2,6-dimethyl-1,4-
dihydropyridine (Va—VIlla) (1.6 mmol) with N-bro-
mosuccinimide (NBS) (0.6 g, 3.2 mmol) in methanol
(100 ml) at 0°C. The mixture was stirred at 0°C for
40 min, diluted with water (40 ml) and kept at 4-6°C
until the oil-like residue was obtained. The residue
was separated, treated with hexane and filtered.

1,1'-[3,5-Dialkoxycarbonyl-4-phenyl-1,4-dihydro-
pyridine-2,6-diyl)dimethylene]bispyridinium  dibro-
mides (V-VIII) were obtained by addition of pyri-
dine (0.42 ml, 5.2 mmol) to a solution of crude
product of corresponding compounds (Vb-VIIIb)
(0.2 g, 2.6 mmol) in acetone (15 ml). The mixture
was stirred at room temperature for 4 h. The precip-
itate was filtered off and washed with acetone. The
precipitate was then crystallized from ethanol, dried
and fractionally recrystallized from acetone. Com-
pounds VII and VIII were isolated as dihydrate.
Yields of products were 33—40%.

2.1.3. Preparation of compound 1X

Ph

Py
CHO T HyG00C 000C, H, NBS
H,,C,,00C— H2+H.Z —COO0C H,, | | Vﬁt'h—mvl")
HC N cH, methanol

HC 007 CH, éHz
H,C-NH, x HCI o
Ph
BH,C CH,Br sestone BrPyH,C” N7 “CHPYBr
&,
IXb X
To obtain 3,5-didodecyloxycarbonyl-4-phenyl-

1,2,6-trimethyl-1,4-dihydropyridine (IXa) dodecyla-
cetoacetate (5.40 g, 20 mmol), benzaldehyde (1.06
g, 10 mmol), methylamine hydrochloride (0.67 g, 10
mmol) in pyridine (30 ml) were heated to refluxing
for 6 h. The excess of volatile reagents was evapo-
rated under reduced pressure. The residue was tritu-
rated with methanol, filtered and recrystallized from
ethanol. Yield of the product was 68%.

NBS (0.6 g, 3.2 mmol) in methanol (50 ml) was
gradually added to I1Xa (1.0 g, 1.6 mmol) at room
temperature and mixture was stirred for 5 h. The
formed oil (derivative IXb) was dissolved in acetone
(20 ml) without purification and pyridine (0.24 g,
0.26 ml, 3.2 mmol) was added. The mixture was
stirred at room temperature for 5 h, the formed
precipitate was filtered off and washed with ace-
tone. Following crystallization from a mixture of
chloroform/acetone, 1,1’-[(3,5-didodecyloxycarbon-
yl-1-methyl-4-phenyl-1,4-dihydropyridine-2,6-diyl)di-
methylene]bispyridinium dibromide trihydrate (IX)
was obtained. Yield of product was 38%.

All final products were fully characterized by !
nuclear magnetic resonance and elemental analysis.

2.2. Plasmid

To assess gene transfer in the cell cultures, we used
a pCMV-BGal plasmid containing the [B-galactosi-
dase cDNA driven by the CMV promoter. Plasmid
was produced in the Escherichia coli, extracted by
alkaline lysis technique and purified using Qiagen
Mega kit (Qiagen GmbH, Germany). The purity of
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the plasmid was confirmed by 1% agarose gel elec-
trophoresis followed by EtBr staining and DNA con-
centration was measured by UV absorption at 260
nm.

2.3. Preparation of liposomes

Cationic liposomes of DOTAP and compounds I-
IV were prepared by the thin film hydration method
according of Gershon et al. [27]. Shortly, about 10
mg of compound was dissolved in chloroform and
the solvent was evaporated under a stream of nitro-
gen for 45 min in vacuum. The resulting thin films
were resuspended in deionized water, vortexed and
sonicated in a bath type sonicator for 30 min until
solution became clear. The final concentration of
liposomes was 1.25 mM. To prepare the liposomes
of compounds I-1V and IX, the suspensions were
heated to 50-65°C.

To obtain cationic liposomes DOTAP:DOPE
(1:1) and compounds I-1V:DOPE (1:1) (molar ra-
tios), 1 ml of 1.25 mM solution of DOPE in chloro-
form was evaporated to a thin film and, then, 1 ml of
cationic liposomes was added to the lipid film. Mix-
tures were sonicated until translucent.

To prepare the liposomes from 1,4-DHP deriva-
tives V-IX, about 10 mg of the compounds was dis-
solved in deionized water, vortexed and sonicated 5—
7 min in a bath sonicator. The final concentration of
liposomes was 2.5 mM.

2.4. pK, determination

Buffer capacities of the cationic liposomes were
estimated according to Budker et al. [28]. Briefly,
3.25 umol of compound was diluted in 1 ml of
chloroform and dried under vacuum with nitrogen
stream. Then, the thin film was gently dissolved in
15 ml of 0.5% Triton X-100 at pH 3.5 and titrated
with 0.5 M NaOH. pK, was determined as inflection
point of the titration curve. The final concentration
of the compound was 0.22 mM.

2.5. Preparation and investigation of complexes
The cationic liposome/plasmid DNA complexes

were prepared by adding 0.6 ug of DNA to different
concentrations of liposomes to obtain different +/—

charge ratios of 0.5-16. After gentle swirling, the
mixtures were allowed to stand at room temperature
for 25 min prior to analysis or use. The complexes
were prepared in MES-HEPES buffer (pH 7.2),
water or 5% (w/v) glucose solution.

The zeta-potentials, the sizes of the liposomes and
liposome/DNA complexes were determined with a
NICOMP 380 submicron particle sizer (NICOMP
Particle Sizing Systems Inc., St. Barbara, CA,
USA). Size distributions are assessed on the base of
NICOMP number-weighted analysis. Zeta-potentials
were determined for complexes made in water. The
following physical chemical parameters were used in
the determination of zeta-potential: medium viscos-
ity 0.933 cPoise, medium refractive index 1.333 and
dielectric constant 78.5.

2.6. Gel electrophoresis

The cationic liposome/DNA complexes were pre-
pared at different charge ratios, as described. After
25 min, gel running buffer with bromophenol blue
was added to the complexes and they were loaded
on 0.9% agarose gel in Tris—borate EDTA buffer, pH
8.0. Voltage of 65 V was applied for 3 h. Following
EtBr staining DNA bands were visualized in an UV
transilluminator and photographed (Biometra, Bio-
Doc II/NT, Video Documentation System, Gottin-
gen, Germany).

2.7. DNA condensation

Ability of the cationic amphiphiles to condense
DNA was assessed with an EtBr displacement assay.
In 96-well plates, plasmid DNA (0.6 ug DNA per
well) was reacted with 0.002% EtBr in 20 mM
HEPES-150 mM NaCl buffer, pH 7.4 and fluores-
cence intensity was measured at 530 nm (excitation)
and 590 nm (emission). Intercalation of EtBr mole-
cules between the base pairs of the DNA double
helix results in an increased fluorescence signal. Im-
mediately thereafter, the cationic liposomes were
added to form complexes at different +/— charge
ratios and the quenching of fluorescence intensity
was monitored. Condensation of DNA upon com-
plexation with liposomes results in the displacement
of EtBr from DNA and in a decreased fluorescence
signal. Fluorescence was measured using a FL 500
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microplate fluorescence reader (Bio-Tek Instruments
Inc., Winooski, VT, USA).

2.8. Cell cultures

CV1 fibroblast cells derived from African green
monkey kidney and D 407 retinal pigment epithelial
cells [29] were cultured in Dulbecco’s modified
Eagle’s medium (Gibco), supplemented with 10% fe-
tal bovine serum, penicillin/streptomycin (100 U/ml
and 100 pg/ml, respectively) and 2 mM L-glutamine
for the D 407 cell line. Cell cultures were maintained
at 37°C in a 7% COy/air incubator.

2.9. Transfection assay

The cells were collected, counted and seeded in
growth medium (100 pl) into a 96-well culture plate,
20000 cells per well. One day later, the medium was
replaced with fresh medium without serum (150 pl).
The complexes at different carrier/DNA charge ratios
for transfection procedure were prepared just before
use in 50 mM MES-50 mM HEPES-75 mM NacCl
buffer, pH 7.2 in separate 96-well plates. One hour
after changing the serum-free medium, the complexes
were added to the cells at 37°C. The dose of DNA
per well was 0.6 ug. After 5 h, the complexes were
removed, the cells were washed with phosphate-buff-
ered saline (PBS), and the normal growth medium
was added. After 45 h of incubation at 37°C, the
cells were lysed with 2% Triton X-100, deep frozen
and the B-galactosidase activity in each well was de-
termined spectrophotometrically with an ELx 800
automated microplate reader (Bio-Tek Instruments
Inc., Winooski, VT, USA) by monitoring the hydro-
lysis of ONPG at 405 nm [11]. Purified B-galactosi-
dase from E. coli was used to construct a standard
curve for calculation of the B-galactosidase activity
in the transfected cells.

2.10. Cytotoxicity assay

Cytotoxicity of the compounds was studied using a
colorimetric  3-(4,5-dimethylthiazol-2-yl)-2,5-diphe-
nyltetrazolium bromide (MTT) assay [30]. Briefly,
the cells were plated on the 96-well plate and trans-
fected as described above. After the incubation (37°C
in 7% COy) for 45 h, cells were washed with PBS, the

growth medium was replaced by serum-free medium
and 10 pl of MTT (5 mg/ml) was added per well. The
plate was allowed to stand for 2 h at 37°C and 100 ul
of the solubilizing solution (20% of SDS-50% of
DMF, pH 4.7) was added. After incubation for 15 h
at 37°C, absorbance at 570 nm was measured using
an automatic enzyme-linked immunosorbent assay
plate reader (Labsystems Multiscan PLUS, Labsys-
tem, Finland). Results are expressed as a percentage
of living cells as compared to the untreated control.

3. Results

The investigated cationic amphiphiles can be divid-
ed into two groups. The single-charged compounds
I-IV:  1-methyl-3-(2',6'-dimethyl-3’,5’-dialkoxycar-
bonyl-1’,4'-dihydropyridyl-4’)pyridinium iodides (I-
III) and 1-methyl-3-(2’,6"-dimethyl-3’,5"-bis(2-palmi-
toyloxyethyloxycarbonyl)-1’,4’-dihydropyridyl-4")py-
ridinium iodide (IV) have quaternized nitrogen in the
4-pyridyl ring and different alkyl chain lengths (Cj>—
Cig) at positions 3 and 5 of the 1,4-DHP ring (Fig.
1). The double-charged compounds V-IX: 1,1’-[(3,5-
dialkoxycarbonyl-4-phenyl-1-H(methyl)-1,4-dihydro-
pyridine-2,6-diyl)dimethylene]bispyridinium  dibro-
mides have two quaternized nitrogens at positions 2
and 6 of the 1,4-DHP ring and different alkyl chains
(C10—Ci¢) at positions 3 and 5. Compound IX is 1-N-
methylated, otherwise similar to compound VI (Fig.

D).
3.1. Biophysical characteristics of liposomes

All compounds have self-association properties
and form liposomes in aqueous media. The vesicles
from compounds I-IV, their formulations with
DOPE (1:1) and compound IX formed stable trans-
lucent suspensions only after heating above the phase
transition temperature (50-65°C). Compound I
formed initially a clear solution but crystallization
was observed within 24 h at room temperature and
the clarity was restored upon heating to phase tran-
sition temperature. Compounds V-VIII were found
to suspend readily in water and to form stable clear
solutions upon sonication at room temperature.

Particle sizes of the liposome suspensions in water
were determined by quasielastic light scattering. The
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Fig. 1. Structures of the cationic 1,4-DHP-based amphiphiles.

suspensions of single-charged compounds (I-1V)
were heterogeneous, nevertheless the mean diameters
of the liposomes were in the range of 15-30 nm (S.D.
up to 45-50%). These cationic amphiphiles formed
small particles (15-35 nm) also with DOPE. The
double-charged amphiphiles (V-IX) formed lipo-
somes with mean diameters in the range of 50-
130 nm (S.D. up to 35-45%).

3.2. Sizes of the complexes

Sizes of the freshly prepared amphiphile/plasmid
DNA complexes in MES-HEPES buffer (pH 7.2),
water and 5% (w/v) glucose were determined and
compared with DNA complexes of PEI 25 and DO-
TAP. The results show that in MES-HEPES buffer,
the mean diameters of the complexes at high (=4)

+/— ratios are rather small (<150 nm) for most of
the compounds (Fig. 2A). The sizes remarkably in-
crease up to 10-35-fold with decreasing +/— ratio.
The mean sizes are at maximum at charge ratios 2:1
and 1:1 (+/—) and in most cases decrease again at
negative charge excess (+/— 0.5). At low +/— ratios,
the complexes of all examined amphiphiles, DOTAP
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Fig. 2. Mean sizes (nm) of carrier/plasmid DNA complexes at
different +/— charge ratio in MES-HEPES (pH 7.2) (A), water
(B) and 5% (w/v) glucose (C) for compound II (W), compound
II:DOPE (O), compound IV (@), compound IV:DOPE (O),
compound V (a), compound VI (#), compound VII (a), DO-
TAP (¢©) and PEI 25 (*).
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and PEI 25 were stable in buffer only for a short
time: already after 3-4 h, or at latest 24 h, visible
aggregates were formed. This was not observed at
high (=8) charge ratios. Since DNA is more com-
plexed at the charge close to neutrality, the repulsion
between liposomes is reduced. This is leading to fu-
sion and aggregation and results in enhancement of
sizes of complexes.

The complexes prepared in water (Fig. 2B) or in
5% (wlv) glucose (Fig. 2C) were smaller (15-120 nm)
and their sizes remained at about the same level for
10 days. The sizes were small even at the charges
close to neutrality or at the excess of DNA. Similar
observations were found for DOTAP/DNA and PEI
25/DNA complexes (Fig. 2A-C), although PEI 25
complexes were too small (<15 nm) in water and
in 5% (w/v) glucose solution for accurate determina-
tion with the light scattering method.

3.3. Zeta-potentials of the liposomes and complexes

Table 1 summarizes zeta-potentials of the lipo-
somes and their formulations with DOPE. Zeta-po-
tential measurements indicated that the liposomes
had very similar surface characteristics and the net
surface charges were positive (25-49 mV). Since sur-
face charge of liposome/DNA complexes may affect
the interaction of the complexes with extracellular
macromolecules and the cell surface, we examined
the zeta-potentials of compound VI/plasmid DNA
complexes and DOTAP/plasmid DNA complexes in
water. Fig. 3 illustrates that at the excess of cationic
liposomes, the zeta-potentials of the complexes were

60
50 4
40 +
304
20 +

104

Zeta-potential (mV)

0

y
-10 4

2041

Charge ratio (+/-)

Fig. 3. Zeta-potential of compound VI/DNA (@) and DOTAP/
DNA (m) complexes in water at different +/— charge ratios

Fluorescence (% of max)

60 |-

50 |-

Fluorescence (% of max)

T

30

0,1 1 10 100
Charge ratio (+/-)

110

100 | g

90

80 |-

0

60 |

Fluorescence (% of max)

500 - .

40

30

10 100
01 ! Charge ratio (+/-)

Fig. 4. DNA condensation ability of cationic amphiphiles. (A)
Compound V (O), compound VI (@), compound VII (m), com-
pound VIII (O), compound IX (+), DOTAP (*), PEI 25 (#);
(B) compound I (#), compound II (@), compound III (O),
compound IV (m); (C) compound I:DOPE (), compound II:
DOPE (@), compound III:DOPE (O), compound IV:DOPE
(m). The values are expressed as percentage of the maximum
fluorescence signal when EtBr is bound to DNA in the absence
of an amphiphile. Each data point is from at least triplicate ex-
periments £ S.D.

positive, significantly decreased at 1:1 ratio (+/—)
and shifted to negative values at charge ratios below
1. This suggests that the amphiphile/DNA ratio de-
fines the surface charge of the complexes. At positive
+/— ratios, compound VI/DNA complexes had a
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Comp.II
12345678910

— -]

Comp.VI
12345678910

- Comp.II: DOPE
12345678910

PEI 25
12345678910

Fig. 5. Gel electrophoresis of the carrier/DNA complexes: (A) compound II, (B) compound II:DOPE, (C) compound VI, (D) PEI 25.
In each panel: (lane 1) pCMVp plasmid DNA (0.6 ug) alone (positive control), (lane 2) carrier (75 uM) alone (negative control),
(lanes 3-10) carrier/DNA complexes at charge ratios —/+: 16, 8, 4, 2, 1, 0.5, 0.25, 0.125, respectively.

higher positive zeta-potential than DOTAP/DNA
complexes. At higher ionic strengths (e.g. buffer,
cell culture medium), the surface charge of the com-
plexes may be shielded by the ions in the solution
(data not shown).

3.4. DNA condensation

The ability to form complexes with DNA is neces-
sary for good transfection activity and upon com-
plexation DNA may be condensed. We evaluated
the ability of the amphiphiles to condense DNA us-
ing EtBr displacement assay. Upon intercalation into
DNA, the fluorescence of EtBr is enhanced. Addition
of cationic amphiphiles results in an immediate fluo-
rescence quenching due to EtBr displacement from
DNA during formation of amphiphile/DNA com-
plexes.

DNA condensation describes the conformation of
plasmid DNA, not the mutual interactions between
the complexes. The latter is rather described by zeta-
potential and fusogenicity of the lipids. Condensa-
tion does not reach the maximum at charge neutral-

ity but proceeds further at charge ratios above 1.0
(Fig. 4). The results show that the double-charged
compounds (V-VIII) (Fig. 4A) condense DNA
more efficiently than single-charged compounds (I-
1V) (Fig. 4B,C). Compounds V and VI (Cjy and
Cp» chains) had a greatest ability to condense
DNA, causing a maximal decrease of 56-60% in
the fluorescence intensity of EtBr. Compound VII

Table 1
Zeta-potential and electrophoretical mobility of the liposomes
in water

Compounds Zeta-potential  Electrophoretical mobility
(mV) (mU)
I 26.4+6.8 2.01+0.55
I:DOPE 26.1%2.5 1.95£0.19
111 33.0+1.3 2.46£0.09
III:DOPE 40.7+2.5 3.03£0.18
1A% 356125 2.65%0.19
IV:DOPE 449%0.9 3.35+£0.07
VI 48.9%5.6 3.65+0.41
VII 255%2.7 1.91£0.20
VIII 31.6+9.1 2.35£0.68
DOTAP 36.8£1.6 2.74£0.12
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0 5 10 15 20 25 30 35
0.5 M NaOH added (ul)

15 20 25 30
0.5 M NaOH added (ul)

Fig. 6. Estimation of pK, of compounds by pH titration with
0.5 M NaOH of: (A) compound V (O), compound VI (@),
compound VII (O), compound VIII (m), compound IX (4),
control (*); (B) compound I (0), compound 111 (m), compound
IV (O), DOTAP (@), PEI 25 (#), control (*).

(Cy4) caused decrease in fluorescence of about 50%,
compound VIII (Cjs) about 30-43% and compound
IX only about 20-28% (Fig. 4A). Thus, lengthening
of the alkyl chains decreased the ability to condense
DNA. Likewise, substitution of the hydrogen at the
I-N position by methyl group led to a reduction in
the ability to condense DNA (compound VI vs. 1X).
PEI 25 was able to decrease the fluorescence by 65—
70% and DOTAP condensed DNA maximally by
33-35% (Fig. 4A).

Complexation of plasmid DNA by single-charged
compounds (I-1V) led to a decrease of the fluores-
cence intensity of EtBr by 25-30% (compound I) or
less (Fig. 4B). Again, the compounds with longer
alkyl chains tended to condense DNA less than the
amphiphiles with shorter alkyl chains at positions 3
and 5. Liposomes of compounds I-IV with DOPE
condensed DNA less than the liposomes without
DOPE (Fig. 4C).

3.5. Gel mobility assay

DNA complexation was confirmed by measuring
the changes in DNA migration in agarose gel. Lipid
associated with DNA does not migrate into the gel
during electrophoresis like free DNA does. The re-
sults of the gel retardation assay were consistent with
the results of the EtBr displacement experiments. The
compounds [-IV condensed DNA slightly in EtBr
displacement assay (Fig. 4B) and they did not com-
pletely retard DNA even at +/— charge ratios of 16
(Fig. 5A). Hence, the interactions between single-
charged compounds I-1V and DNA are weak. Like-
wise, complexes of monovalent DOTAP with DNA
were loose even at +/— 16. Release of DNA from the
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Fig. 7. Effects of pH on the absorption spectra of compounds
VI (A) and IV (B).
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Fig. 8. Transfection efficiencies of compounds VI-IX, DOTAP and PEI 25 in MES-HEPES buffer at different carrier/plasmid DNA
charge ratios. Transfections were carried out with fibroblast CV1-P (A) and retinal pigment epithelial D 407 (B) cell lines. The cells
were transfected for 5 h and incubated for 45 h before B-galactosidase expression assay. Transfection efficiencies are given as [-galac-

tosidase units per well. Each bar represents the average transfection efficiency + S.D. from at least three experiments. Note that the
scale is different for CV1-P and D 407 cells.
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complexes may be due to the applied electrical field.
In contrast, the single-charged compounds with
DOPE fully retarded DNA at the +/— charge ratio
of 2, suggesting that DOPE somehow helps to stabi-
lize the complexes (Fig. 5B).

Compounds V-IX at +/— 2 fully retarded DNA
(Fig. 5C), while for PEI 25 complete retardation was
observed at +/— 1 (Fig. 5D).

The gel mobility assay of compound VI/DNA and
PEI 25/DNA complexes prepared in water or 5%
(wlv) glucose showed that these complexes bind
DNA similarly to the complexes prepared in buffer.
This binding was retained for at least 10 days.

3.6. Buffering capacity

Cationic liposomes deliver DNA via the endosome
compartment [15,31]. It has been proposed that PEIs
and dioctadecylglycerospermine (DOGS) are able to
buffer the endosomes and, thereby, prevent endoso-
mal acidification and DNA degradation in the cells
[32,33]. Therefore, we investigated the buffering ca-
pacity of the novel cationic amphiphiles under vari-
ous pH conditions.

The results showed that double-charged com-
pounds V-VIII have buffering capacity at a pH
range of 6-8. The pK, value for these compounds
was approximately 7.0 (Fig. 6A). The compounds

. Comp. VI . PEI

B-Galactosidase activity (Units/well)

4
+/- Charge ratio

with longer alkyl chains tend to have lower buffering
capacity. Double-charged compound IX with 1-N-
substituted methyl did not show buffering properties.
Likewise the single-charged compounds (I-1V) and
DOTAP did not display any buffering properties
(i.e. no difference from the control) (Fig. 6B). PEI
25 showed buffering capacity over a wide pH range
(about 4-9) (Fig. 6B).

The pH-dependent absorption spectra for double-
and single-charged compounds were recorded in ion-
free water adjusted to various pH values by sodium
hydroxide or hydrochloric acid (Fig. 7). Under acidic
condition (pH 4.9), the main absorption peak at 365-
367 nm was observed. For the double-charged com-
pounds (V-VIII), increased solution pH led to the
appearance of a second peak at 454 nm. At pH
7.5, the 365 nm peak disappeared, leaving only ab-
sorption maximum at 454 nm (Fig. 7A). For the
compounds I-IV and IX, we did not see any pH-
dependent spectral features (Fig. 7B).

3.7. In vitro gene transfer activity and toxicity

Cationic amphiphiles were tested for their ability
to deliver B-galactosidase plasmid into the monkey
fibroblasts (CV1-P) and retinal pigment epithelial cell
line (D 407), as well as for their cytotoxicity. The
transfection efficiencies were compared to PEI 25 and
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Fig. 9. Transfection efficiencies for complexes of compound VI, PEI 25 and DOTAP in MES-HEPES buffer, water and 5% glucose.
Transfection efficiencies are given as B-galactosidase units per well in CV1-P monkey fibroblasts. Each bar represents the average

transfection efficiency + S.D. from at least three experiments.
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DOTAP, efficient polymeric and liposomal transfec-
tion agents.

CVI1-P cells were more susceptible to transfection
with double-charged synthetic amphiphiles than ret-
inal D 407 cells (Fig. §). In CV1-P cell culture, the
maximal transfection activity of carriers at optimal
charge ratios decreased in the order: compound
VI>compound VII=PEI 25>DOTAP=com-
pound VIII>compound IX (Fig. 8A). At +/—
charge ratio of 4, compound VI was approximately
2.5 times more effective than PEI 25 and 10 times
better than DOTAP. At the same charge ratio, the
percentage of viable cells for these carriers was sim-
ilar (about 90-95%) (Fig. 10A). At high charge ratios
(+/— 8-16), the transfection efficacy of the com-
pounds was limited by toxicity (Fig. 10A).

In the retinal pigment epithelial cell line (D 407),
the transfection level diminishes in the following or-
der: PEI 25> compound VI> DOTAP = compound
VII > compound VIII (Fig. 8B). At +/— charge ratio
of 4, the carriers were moderately toxic (70-89% of
cell survival) (Fig. 10B), PEI 25 showed more effi-
cient transfection than compound VI, while com-
pound VI was two times better than DOTAP. How-
ever, all carriers were more toxic on D 407 than on
CV1-P cells.

Among the double-charged cationic amphiphiles,
compound VI, with two Cy;, alkyl chains, displayed
the highest transfection efficiencies in both cell lines.
In accordance to the EtBr displacement assay, meth-
ylation of 1-N or elongation of alkyl chains to Ci4
and Cj¢ reduced the transfection activity. Interest-
ingly, compound with C;g chains (oleyl) was com-
pletely inactive (data not shown). Likewise, shorten-
ing the alkyl chains at positions 3 and 5 to Cjg
resulted in complete loss of transfection activity
with no change in toxicity.

It is remarkable that compound VI/DNA com-
plexes prepared in water or 5% (w/v) glucose solution
displayed good transfection efficiency (Fig. 9), even
though the sizes of the complexes were very small
(Fig. 2A.B). Interestingly, activity of DOTAP/DNA
complexes in water and 5% (w/v) glucose solution
was much smaller than in buffer (Fig. 9). Small com-
plexes are most relevant for in vivo gene therapy and
compound VI was about 35 times more active than
DOTAP in the case of small complexes. Also, it was
three times more active than PEI 25 in this case.
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Fig. 10. Cytotoxicity of compound VI (4), compound VII (m),
compound VIII (O), compound IX (¥), DOTAP (@) and PEI
25 (O) towards CV1-P (A) and D 407 (B) cell lines determined
by MTT assay. Cell viability (a percentage of survived cells)
displayed as a function of +/— carrier versus DNA charge ra-
tio. Each point represents the average* S.D. of at least three
replicates.

Table 2 summarizes the transfection activity and
cytotoxicity of compounds I-IV in both cell lines at
optimal charge ratios. In general, the single-charged
compounds transfected more effectively D 407 than
CV1-P cells. In general, they were also more toxic
than double-charged compounds towards both cell
lines. Alone or formulated with DOPE, single-
charged compounds showed moderate transfection
activity, although at best their efficiencies are in the
same range with DOTAP (Fig. 8A, Table 2).

4. Discussion

In the present paper, we have described some bio-
physical characteristics of nine novel cationic amphi-
philic 1,4-DHP derivatives, their ability to condense
DNA and to deliver it into two different cell lines in
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Table 2
Transfection efficiency and toxicity of cationic amphiphilic compounds I-1V and their formulations with DOPE (1:1) in CV1-P and D
407 cells
Compounds  Carrier/DNA charge CVI-P cells D 407 cells

ratio (+/—)

Toxicity (% of Transfection efficiency Toxicity (% of Transfection efficiency
surviving cells)?® (units/well)® surviving cells)?® (units/well)®

I 4 40.6 6.0 9.2 0.6

2 71.8 27.2 55.6 8.8

1 87.2 0.7 66.1 8.1
II 4 45.6 2.2 12.1 1.2

2 90.4 4.8 79.1 35.6

1 89.5 0.3 94.4 16.6
I 2 105.2 2.2 62.6 1.4
v 2 91.9 2.9 51.1 5.7

1 94.8 7.7 80.9 20.0
1:DOPE 2 70.0 0.7 29.0 1.1

1 76.4 0.8 63.6 5.8
II:DOPE 2 77.9 1.5 36.9 33

1 85.7 1.9 68.5 12.8
III:DOPE 2 86.2 8.1 36.4 1.9

1 90.6 8.4 64.1 9.7
IV:DOPE 2 83.5 8.1 36.1 1.2

1 85.2 12.0 61.8 32

0.5 91.9 5.5 84.5 1.2

The reported values are the mean of at least three transfection assays.

4S.D. £15-20%.
°S.D. *15-25%.

vitro. The investigated compounds have one or two
quaternary ammonium groups. The position and
structure of the charged groups and the lengths of
the alkyl chains at the positions 3 and 5 of the 1,4-
DHP ring were modified with the aim to find struc-
tural requirements related to the ability of com-
pounds to transfect the cells (Fig. 1). Single-charged
compounds [-IV were also formulated with DOPE.

This study suggests that the 1,4-DHP amphiphiles
form complexes with DNA like many other cationic
lipids [1,8,34-37], but single- and double-charged am-
phiphiles are clearly different in this respect. We did
not find a clear correlation between the size, zeta-
potential of complexes and transfection activity,
although positive zeta-potential was necessary for
good transfection.

Cationic liposomes interact with DNA by electro-
static forces, which results in DNA compaction and
complex formation. This complex must then adhere
to the cell membrane to be internalized [20,38]. DNA
condensation assay revealed that double-charged

compounds (V-IX) condense DNA more efficiently
than the single-charged compounds (I-1V). In this
respect, compounds V-IX resemble PEI 25 and
DOGS, and compounds I-IV are like DOTAP [8].
Single-charged amphiphile/DNA or DOTAP/DNA
complexes partly disassemble in electric field during
electrophoresis, suggesting weak interactions of the
carrier with DNA (Fig. 5A). Double-charged com-
pounds and multivalent polymeric PEI 25 clearly
form tighter and more compact complexes with
DNA than single-charged lipids, suggesting that mul-
tiple charges in each cationic molecule might induce
a more curved structure in DNA upon complexation.
Loosely associated complexes are more likely to be
disrupted before they interact with the cell membrane
and, therefore, complexation phenomena may influ-
ence the transfection efficacy in vitro and in vivo.
Amphiphile/DNA complex is taken up by cells
and, then, it is accumulated in the endosomal com-
partment. The next step is the escape of DNA from
endosome; otherwise it will be forwarded to the ly-
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sosomes and degraded by nucleases. It has been pro-
posed that cationic lipids cause destabilization of en-
dosomal membrane, lipid mixing and fusion, thereby
causing the release of DNA into the cytoplasm of the
cells [31,34,38]. For cationic polymers (PEls) and
polyamidoamine dendrimers, a buffering hypothesis
has been described [9], suggesting that these carriers
prevent acidification of endosomes and, conse-
quently, protect DNA from degradation. In our
study, the double-charged amphiphiles (V-VIII)
showed buffering capacity at neutral pH range (Fig.
6A). The protonation level increases between pH val-
ues from 8 to 6 (Fig. 6B). Since 1-N-methylated com-
pound IX was devoid of buffer capacity, the value of
pK, near 7.0 is related to the 1-NH group of the 1,4-
DHP ring. Usually, the 1-NH group of 1,4-DHPs
deprotonates at very basic conditions (pK, near 10—
11) and the compounds like I-IV are not expected to
deprotonate in water at all. Lowering of the pK, of
1-NH in compounds V-VIII is probably caused by
the proximity of positively charged 2,6-pyridinio-
methyl groups. These differences in protonation level
of 1-NH group contribute to the buffering capacity.
The single-charged compounds (I-1V) did not dis-
play buffering properties (Fig. 6B). Likewise, DO-
TAP with its single quaternary ammonium group
did not show any buffering capacity, while PEI 25,
a polymer with multiple pK, values, had a wide bufi-
ering range.

The mechanism of DNA delivery is not fully
understood yet, but it is clear that the transfection
is cell type-dependent. Therefore, it was interesting to
examine the new amphiphiles in two different cell
lines — CV1 monkey fibroblasts and D 407 human
retinal pigment epithelial cell line. The gene trans-
fection results showed that in both examined cell
lines, the double-charged cationic amphiphiles were
more effective and less toxic than the single-charged
compounds.

The level of transfection obtained with the com-
pound VI was much higher than DOTAP and at
least as high as the level achieved with PEI 25. PEI
25 and DOTAP were selected for comparison,
because they are the most active polymeric and
liposomal transfection agents currently. The overall
rank order of transfection efficiencies was: com-
pound VI=PEI 25>compound VII>compound
VIII > DOTAP > others.

It has been proposed that the large size of carrier/
DNA complexes can limit the gene transfer in vivo
[39]. Particular, small size of the complexes is impor-
tant for extravasation of the complexes to the target
tissues (e.g. tumors). Small size of complexes may
also be beneficial for the distribution of the com-
plexes after local application. Interestingly, in con-
trast to DOTAP, the small-sized DNA complexes
of compound VI in 5% (w/v) glucose solution yielded
good transfection efficiency. This feature may offer
an additional opportunity to use these compounds
for gene delivery in vivo.

The length of alkyl chains at positions 3 and 5 of
the 1,4-DHP ring were varied and the results show
that increased chain lengths from Ci; in both groups
of amphiphiles (single- and double-charged) resulted
in declined DNA condensation and transfection ac-
tivity, so that compound with C;g chains was inac-
tive. Effects of alkyl chain length on biophysical
properties and transfection have been investigated
for some cationic lipids [11,13,38], pyridinium surfac-
tants [18] and alkyl acyl carnitine esters [20]. Elonga-
tion of the alkyl chains to Ci4 or Cig often reduces
transfection efficacy. One of the explanations for our
data could be that elongation of alkyl chains in-
creases the phase transition temperature and bilayer
stiffness of the vesicles. This might interfere with the
ability to fuse with endosomal membrane.

The escape from the endosomes is known to be
one of the barriers in gene delivery [15]. High efficacy
of double-charged buffering amphiphiles in gene
transfection, and also lack of transfection efficacy
and buffering capacity of N-methylated compound
IX suggest that the buffer capacity at the endosomal
pH may contribute to the transfection efficacy.
Nevertheless, there are other factors involved. Inter-
estingly, the double-charged compound with two Cig
chains (compound V) shows self-association proper-
ties, high buffering capacity (Fig. 6A) and high abil-
ity to condense DNA (Fig. 4A) but does not display
a transfection activity in neither cell line. This de-
crease is not attributed to the toxic effects. Probably
shortening of the alkyl chains results in the packing
of complexes in a different manner, leading to inac-
tive complexes. The further investigations are needed
to define the reasons that result in the different be-
havior of Cjy compound.

Often the mixtures of cationic lipids with DOPE
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give rise to more efficient transfection than the cor-
responding cationic lipid alone. DOPE facilitates lip-
id fusion at different stages of gene delivery [12,40],
however, transfection of cationic liposomes is not
always enhanced by DOPE [12,38]. Our results
showed that for investigated 1,4-DHP derivatives,
DOPE did not improve DNA condensation or trans-
fection activity, whereas it increases the toxicity to-
wards both cell lines. Despite the low condensation
ability of 1,4-DHP/DOPE combinations, DOPE
seems to stabilize the DNA complexes, possibly by
changing of complex architecture towards hexagonal
phases [41,42].

Finally, we have designed and synthesized novel
single-charged and double-charged amphiphiles on
the base of 1,4-DHP ring. Our studies demonstrate
that the double-charged compounds display high
transfection efficiencies in vitro and reveal some im-
portant structure-activity relationships. Further
studies are needed to prove their usefulness in vivo.
Amphiphiles based on the 1,4-DHP ring appear to be
a good structural base for the development of DNA
delivery systems.
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