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Abstract: The aims of this work are to study the effect of varying the chain length in synthesized
N*,NP-diacyl spermines on DNA condensation and then to compare their transfection efficiencies
in cell lines. The five novel N*, N°-diacyl lipopolyamines: N*,N°-[didecanoyl, dilauroyl, dimyristoyl,
dimyristoleoyl, and dipalmitoyl]-1,12-diamino-4,9-diazadodecane were synthesized from the
naturally occurring polyamine spermine. The abilities of these novel compounds to condense
DNA and to form nanoparticles were studied using ethidium bromide fluorescence quenching
and nanoparticle characterization techniques. Transfection efficiency was studied in FEK4 primary
skin cells and in an immortalized cancer cell line (HtTA), and compared with a saturated
(distearoyl) analogue and also with the non-liposomal transfection formulation Lipogen, N*,N°-
dioleoyl-1,12-diamino-4,9-diazadodecane. By incorporating two aliphatic chains and changing
their length in a stepwise manner, we show efficient circular plasmid DNA (pEGFP) formulation
and transfection of primary skin and cancer cell lines. Two C14 chains (both saturated or both
cis-monounsaturated) were efficient transfecting agents, even in the presence of serum, but
they were too toxic. N*,N°-Dioleoyl spermine efficiently condenses pDNA and achieves the
highest transfection levels with the highest cell viability among the studied lipopolyamines in
cultured cells even in the presence of serum.
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Introduction

Progress is being made toward gene therapy realizing its
potential and becoming an efficient medicine for the treat-
ment of diseases such as inherited blindness, inflammation,
cancer, for neuronal delivery,l or for vaccination.>> However,
the significant problems still associated with viral gene
therapy, especially immunogenicity, mammalian toxicity, and
the limited payload of DNA, ensure that the goal of
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intracellular protein levels at therapeutic concentrations
moves even more toward utilizing non-viral gene therapy
(NVGT).** Within the broad term NVGT, except for naked
(free) DNA being trapped inside cells during mitosis, the
(prodrug) DNA must be formulated for delivery. Our NVGT
focus is on lipopolyamines composed of two long-carbon
chains (or a steroid) covalently bound to a polyamine e.g.
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spermine (1,12-diamino-4,9-diazadodecane).®’” Other NVGT
research groups are investigating a variety of alternative
approaches, including naked DNA, gene gun (bound to gold
particles), electroporation, polycation-mediated DNA deliv-
ery, and the use of a wide variety of cationic lipids
(lipoplexes),® !> and cationic polymers (polyplexes),'®!” in
the search for an “intelligent” material which can overcome
the key obstacles still found in poly-nucleic acid delivery,'®'
for reviews see refs 1, 20—24.
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Figure 1. The process of NVGT by endocytosis and the
barriers that must be crossed by toroidal condensed
DNA nanoparticles, illustrated for lipopolyamines in the
formulation of lipoplexes leading to DNA delivery and
ultimately to the goal of intracellular protein synthesis.

condensed
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The essential requirements for gene delivery are the
transport of DNA through the cell membrane and ultimately
to the nucleus. The design of an efficient formula for the
delivery of genetic material requires a detailed understanding
of the barriers that hinder this process (Figure 1). Efficient
NVGT formulations should be able to deliver safely the
required DNA across the various cellular barriers to the
nucleus.?® These barriers include complex formation between
the DNA and the lipopolyamine leading to DNA nanoparticle
(lipoplex) formation by electrostatic charge neutralization and
overall packing as condensed DNA, and then transport across
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cell-membranes, either by adsorptive endocytosis or mediated
by cations, both routes leading to internalization of the
lipoplex.”®

Our aims are to design and develop efficient, non-toxic,
non-viral vectors for in vitro and possible in vivo applica-
tions, using our novel spermine conjugates, based on change
to the type, length, position, and number of the hydrophobic
anchors.®” These cationic lipids (lipospermines) probably
assist in the self-assembling of polycationic scaffolds, as well
as facilitating absorptive endocytosis and/or fusion with cell
membranes. These lipospermines form spontaneous com-
plexes with negatively charged poly nucleic acids to con-
dense DNA (using pEGFP as the reporter gene), leading to
formation of nanoparticles after removal of small counterions
from both cationic carriers and DNA (a thermodynamically
favored step which drives and stabilizes complex formation).
Thus, these formed nanoparticles are suitable for gene
delivery. The complexes are monitored using ethidium
bromide (EthBr) fluorescence quenching,27 transfection ef-
ficiency, and 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) cytotoxicity assays.”® We have
therefore designed a series of novel shorter chain li-
popolyamines in order to prepare lipoplex formulations
(without any prepreparation of liposomes) of pDNA for non-
viral gene delivery and transfection of target cells as they
are designed to form nanoparticles which will efficiently enter
cells by endocytosis (Figure 1). These vectors are designed
to have simplicity of use based upon DNA condensation by
anion titration.

Herein we report investigations of the effects on DNA
formulation with variation in the length of the two fatty
chains in the lipospermine moiety. We make sequential
changes to chain length from C10 (decanoyl) to C18 (oleoyl),
through C12 (lauroyl), C14 (myristoyl and myristoleoyl) and
C16 (palmitoyl). In our experiments we have chosen to
deliver a 4.7 kbp plasmid encoding for enhanced green
fluorescent protein (pEGFP), with a molecular weight of
about 3.1 MDa (given an average of 330 Da per nucleotide,
660 Da per bp,?® carrying 9,400 negative charges. We report
the synthesis and characterization of the nanoparticles,
transfection results, DNase protection and toxicity with the
five new synthesized lipospermine formulations in both
primary and cancer cell lines, and compare our results with
those obtained with a saturated analogue containing two C18
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chains, N*,N’-distearoyl spermine ®’ and the non-liposomal
lipospermine Lipogen (N* N°-dioleoyl spermine) formulation.®”

Materials and Methods

Materials. Chemicals, including spermine, acyl chlorides,
reagents, solvents, and buffers, were routinely purchased
from Sigma-Aldrich (Gillingham, U.K.) except where indi-
cated, and cell culture materials were from Life Technologies
(Paisley, Scotland).

Synthesis of N*,N°-Substituted Spermine Derivatives.
Spermine was used as the starting material for the synthetic
process, outlined in Figure 2. The tetra-amine (203 mg, 1.0
mmol) in methanol (10 mL) was protected on both the
primary amino functional groups by reaction with ethyl
trifluoroacetate (0.3 mL, 2.2 equiv) in methanol (10 mL),
under anhydrous nitrogen, and the reaction mixture was
stirred for 18 h at 20 °C. The solvent was evaporated to
dryness in vacuo to form N'N'2-ditrifluoroacetyl-1,12-
diamino-4,9-diazadodecane as a yellow oily residue. This
residue was taken into the next step without purification.
Fatty acyl chloride (decanoyl, lauroyl, myristoyl, myristo-
leoyl, oleoyl, palmitoyl, stearoyl) (2.2 equiv) and triethy-
lamine (2.5 equiv) were added to the diprotected spermine
solution in CH,Cl, and methanol (1:1, v/v). The solution was
stirred for 72 h at 20 °C and then evaporated to dryness in
vacuo. The residue was dissolved in CH,Cl,, and the solution
was filtered and evaporated to dryness in vacuo to form
N*N°-(didecanoyl, dilauroyl, dimyristoyl, dimyristoleoyl,
dioleoyl,*® dipalmitoyl, or distearoyl)-N',N'*-ditrifluoro-
acetyl-1,12-diamino-4,9-diazadodecane, as typified by N',N'%-
ditrifluoroacetyl-N*,N°-dimyristoleoyl-1,12-diamino-4,9-di-
azadodecane (706 mg, 87%, Ry = 0.9 CH,Cl,:MeOH, 5:1,
v/v) which showed MS, FAB* found 811.2 (100%, m/z [M
+ H]™), C4oH73FgN,0, requires 811.6.

For the removal of the ditrifluoroacetyl protecting groups,
the tetra-amide (e.g. 700 mg, 1 mmol) was dissolved in
methanol (20 mL), and the pH of the solution was increased
by saturating with ammonia gas, when it was left for 18 h
at 20 °C and then evaporated to dryness in vacuo to give an
oily residue (e.g. 554 mg, 97%) that was purified over silica
gel (CH.Cl;:MeOH 10:1, v/v, then CH,Cl,—MeOH—
concentrated aqueous NHj3 10:5:1, v/v/v) to afford the seven
desired lipopolyamine conjugates as their free bases. All the
synthesized lipopolyamines were homogeneous on silica gel
thin-layer chromatography (CH,Cl,—MeOH—concentrated
aqueous NH3 25:10:1, v/v/v) and were characterized by 'H
nuclear magnetic resonance (NMR) at 400 MHz and 3¢
NMR spectroscopy at 100 MHz. NMR assignments follow
from correlation spectroscopies and all lipopolyamines
showed satisfactory high-resolution mass spectrometric
(HRMS) data (reported in Da and within 5 ppm), as typified
by N*N’-didecanoyl spermine 1 found (m/z [M + H]")
511.4929, C3oHeN4O, requires 511.4951 (A ppm 4.3);

(30) Ronsin, G.; Perrin, C.; Guedat, P.; Kremer, A.; Camilleri, P.;
Kirby, A. J. Novel spermine-based cationic gemini surfactants
for gene delivery. Chem. Commun. 2001, 2234-2235.
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Figure 2. Synthetic scheme of spermine based cationic lipids: N*,N°-didecanoyl spermine 1, N*,N°-dilauroyl spermine
2, N*,N°-dimyristoyl spermine 3, N* N°-dimyristoleoyl spermine 4, N*,A°-dipalmitoyl spermine 5, N*,N°-distearoyl
spermine 6, N*,N°-dioleoyl spermine 7, N*,N°-distearyl spermine 8, and N*,N°-dioleyl spermine 9. Reagents: (i) ethyl
trifluoroacetate, 18 h at 20 °C; (ii) fatty acyl chloride, R = (decanoyl 1, lauroyl 2, myristoyl 3, myristoleoyl 4, palmitoy!
5, stearoyl 6, and oleoyl 7), triethylamine, CH,Cl, and methanol (1:1, v/v), 72 h at 20 °C; iii) methanol saturated with
ammonia gas, 18 h at 20 °C; (iv) LiAlH4, anhydrous THF, 24 h at reflux.

N*N°-dilauroyl spermine 2 found (m/z [M + H]") 567.5561,
C34H71N4O; requires 567.5577 (A ppm 2.8); N*N° -dimyris-
toyl spermine 3 found (m/z [M + H]*) 623.6170, C33H79N4O,
requires 623.6203 (A ppm 5.3); N*, N°-dimyristoleoyl sper-
mine 4 found 619.5872 (m/z [M + H]*), CsgH75N4O; requires
619.5890 (A ppm 2.9); N*,N°-dipalmitoyl spermine 5 found
(m/z [M + H]") 679.6796, C4,Hg;N,O, requires 679.6829
(A ppm 4.9); NN -distearoyl spermine 6 found (m/z [M +
H]+) 735.7438, C46HosN4O; requires 735.7455 (A ppm 2.3);
N*N° -dioleoyl spermine 7 found (m/z [M + H11) 731.7115,
C46HoN4O; requires 731.7142 (A ppm 3.7). To a solution
of 6 or 7 (1 mmol) in anhydrous THF (40 mL), an excess of
lithium aluminum hydride (0.11 g, 3 mmol) was added and
heated under reflux for 24 h, then cooled to 20 °C and
cautiously quenched. The residue was purified over silica
gel (CH,Cl,:MeOH 10:1 v/v then CH,Cl,:MeOH:NH4OH 10:
5:1 v/v/v) to afford the target dialkylated tetra-amines (Figure

1114 MOLECULAR PHARMACEUTICS VOL. 5, NO. 6

2): N4,Ng—disteary1 spermine 8 found (m/z [M + H]H) 707
7880, C4HooN, requires 707.7864 (A ppm 2.3); N* N°-dioleyl
spermine 9 found (m/z [M + H]+) 703.7511, CscHosNy
requires 703.7484 (A ppm 3.8).

Amplification and Purification of Plasmid DNA
(PEGFP). DNA plasmid®® encoding enhanced green fluo-
rescent protein (pEGFP), purchased from Clontech, was
transformed into Escherichia coli JIM 109 bacterial strain
(Promega). The transformed cells were grown in larger
quantities of Luria—Bertani (LB) broth supplemented with
125 mg/L ampicillin. pEGFP plasmid was produced in large-
scale using HiSpeed plasmid purification Maxi kit (Qiagen)
according to the manufacturers protocol. DNA yields and
purity were determined spectroscopically (ODy¢/ODsgy =
1.80 to 1.90 OD, optical density) and by agarose gel (1%)
analysis.
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DNA Condensation (Ethidium Bromide Fluorescence
Quenching Assay). Each concentration of the DNA stock
solutions (approximately 1 ug/ul,, 1 mL) was determined
spectroscopically (Milton Roy Spectronic 601 spectrometer,
1 cm path length, 3 mL cuvette),?® and 6 ug (approximately
6 uL) of DNA was diluted to 3 mL with buffer (20 mM
NaCl, 2 mM HEPES, 10 uM EDTA, pH 7.4) in a glass
cuvette stirred with a microflea. Immediately prior to
analysis, EthBr solution (3 uL, 0.5 mg/mL) was added to
the stirring solution and allowed to equilibrate for 10 min.
Separately each lipopolyamine, aliquots (5 uL), according
to the ammonium/phosphate (N/P, +/—) charge ratio re-
quired, were then added to the stirring solution and the
fluorescence measured after 1 min equilibration using a
Perkin-Elmer LS 50B luminescent spectrometer (Aex = 260
nm and Aden = 600 nm with slit width 5 nm) while stirring
using an electronic stirrer (Rank Bros. Ltd.).?” The total
lipopolyamine solution added to the DNA solution did not
exceed 5% of the total volume of the solution, so no
correction was made for sample dilution. The fluorescence
was expressed as the percentage of the maximum fluores-
cence when EthBr was bound to the DNA in the absence of
competition for binding and was corrected for background
fluorescence of free EthBr in solution.

Gel Electrophoresis. Each sample of plasmid DNA (0.5
ug), either free or complexed with different lipopolyamine
concentrations, was analyzed by gel electrophoresis for about
1 h under 75 V/cm, through an agarose gel (1%) containing
EthBr (1 ug/mL) in Tris-acetate—EDTA 1 x (40 mM Tris-
acetate and 1 mM EDTA) buffer. The (unbound) free DNA
in the agarose gel was visualized under UV using GeneGe-
nius (Syngene, Cambridge, U.K.).

Lipoplex Particle Size. The average particle size for the
lipoplexes formed (at their optimum charge ratio of trans-
fection), after mixing with a vortex mixer, was determined
using a NanoSight LM 10 (NanoSight Ltd., Salisbury, U.K.).
All measurements were carried out on lipoplexes with 1 pg/
mL plasmid DNA in HEPES buffer at pH 7.4 in a sample
volume of 0.2 mL. Results were analyzed with the Nano-
particle Tracking Analysis (NTA) software.

£-Potential Measurements. The ¢-potential measurements
for the lipoplexes formed (at their optimum charge ratio of
transfection), after mixing with a vortex mixer, were
determined using a DelsaNano Zeta Potential (Beckman
Coulter, High Wycombe, U.K.). All measurements were
carried out on lipoplexes with 3 pg/mL pDNA in HEPES
buffer at pH 7.4 in a sample volume of 2 mL.

DNase I Protection Assay. Briefly, in a typical assay,
pEGFP plasmid (1 ug) was complexed with varying amounts
of the representative cationic lipid using the indicated
lipopolyamine:DNA N/P charge ratios in a total volume of
30 L in HEPES buffer, pH 7.4, and incubated at 20 °C for
30 min on a rotary shaker. Subsequently, the complexes were
treated with DNase I (10 uL, at a final concentration of 1
ug/mL) in the presence of 20 mM MgCl, and incubated for
20 min at 37 °C. The reactions were then halted by adding
EDTA (to a final concentration of 50 mM) and incubated at

60 °C for 10 min in a water bath. The aqueous layer was
washed with phenol:chloroform:isoamyl alcohol (50 uL, 25:
24:1 v/v/v) and centrifuged at 10,000 rpm for 5 min. The
aqueous supernatants were separated, loaded (15 uL) on a
1% agarose gel (pre-stained with EthBr 1.0 ug/mL) and
electrophoresed at 100 V for 1 h.

Cell Culture and Transfection Experiments. Two cell
lines were used in the transfection experiments, a human
primary skin fibroblast cells FEK4>" derived from a foreskin
explant and a human cervix carcinoma, HeLa derivative and
transformed cell line (HtTA). The HtTA cells being stably
transfected with a tetracycline-controlled transactivator (tTA)
consisting of the tet repressor fused with the activating
domain of virion protein 16 of the herpes simplex virus
(HSV). Cells were cultured in Earle’s minimal essential
medium (EMEM) supplemented with fetal calf serum (FCS)
15% in the case of FEK4 and 10% in the case of HtTA cells,
penicillin and streptomycin (50 IU/mL each), glutamine (2
mM), and sodium bicarbonate (0.2%).

Transfection Experiments in the Absence or Presence
of Serum. For the transfection (gene delivery) and the
resultant gene activity (transfection efficiency), FEK4 and
HtTA cells were seeded at 50,000 cells/well in 12-well plates
in EMEM (2 mL) containing FCS for 24 h to reach a plate
confluency of 50—60% on the day of transfection. Then the
media were replaced by 0.4 mL of Opti-MEM (serum free
media, Gibco BRL) for 4 h at 37 °C in 5% CO,. The lipoplex
was prepared by mixing pEGFP (1 ug in 50 uL) with the
cationic lipopolyamine in Opti-MEM (typically 10 ug in 50
uL) according to the N/P charge ratio at 20 °C for 30 min
and then incubated with the cells (final volume of 0.5 mL)
for 4 h at 37 °C in 5% CO; in Opti-MEM (in the absence of
serum). Then the cells were washed and cultured for a further
44 h in full growth medium at 37 °C in 5% CO, before the
assay.

Or for transfection in the presence of serum, as in the
above procedure, but on the day of transfection, the media
were replaced by fresh EMEM (0.4 mL) containing FCS.
The lipoplex was prepared as above and then incubated with
the cells for 4 h at 37 °C in 5% CO; in full growth medium
(in the presence of serum). Then the cells were washed and
cultured for a further 44 h in full growth medium at 37 °C
in 5% CO; before the assay.

The transfection efficiency was calculated based on the
percentage of the cells that expressed enhanced green
fluorescent protein (EGFP positive cells) in the established
range (M;) with correction for the background fluorescence
of the control sample, Aex = 495 nm and Aen = 518 nm,
using a fluorescence activated cell sorting (FACS) machine
(Becton Dickinson FACS Vantage dual laser instrument,
argon ion laser 488 nm). Therefore, at the end of the 44 h
of growth, cells were washed twice with PBS (1 mL/well)

(31) Tyrrell, R. M.; Pidoux, M. Quantitative differences in host-cell
reactivation of ultraviolet-damaged virus in human-skin fibroblasts
and epidermal-keratinocytes cultured from the same foreskin
biopsy. Cancer Res. 1986, 46, 2665-2669.
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to remove FCS and dead cells. Only a subset of the data
obtained from healthy cells (the major population) was
analyzed through a gate setting. Typically, fluorescence
parameters for 10,000 events were acquired at green fluo-
rescence (FL1) and data were expressed as histograms. In
the histogram of events at different fluorescence intensities
of the control group, the fluorescence intensity range (M)
was set as a constant range (<5% overlap) throughout the
experiments (n = 9).

In Vitro Cytotoxicity (MTT) Assay. FEK4 and HtTA
cells were seeded in 96-well plates at 8,000 cells/well and
incubated for 24 h at 37 °C in 5% CO,. Lipoplexes e.g.
N*N°-dioleoyl spermine complexed with pEGFP were added
in the same way as in the transfection protocol. After
incubation for 44 h, the media were replaced with fresh
media (90 uL) and sterile filtered MTT solution (10 uL, 5
mg/mL) to reach a final concentration of 0.5 mg/mL. Then
the plates were incubated for a further 4 h at 37 °C in an
atmosphere of 5% v/v CO,. After incubation, the media and
the unreacted dye were aspirated and the formed blue
formazan crystals were dissolved in 200 uL/well of dimethyl
sulfoxide (DMSO). The color produced was measured using
a plate-reader (VERSAmax) at A = 570 nm. The percent
viability relative to control wells containing cells without
added DNA or lipopolyamine is calculated by (test absor-
bance/control absorbance) x 100.3?

Results and Discussion

Synthesis of Lipospermines. The tetra-amine spermine
was used as the starting material for the synthesis of the seven
desired lipopolyamines: N*,N°-didecanoyl spermine 1, N*,N°-
dilauroyl spermine 2, N*,N°-dimyristoyl spermine 3, N*,N°-
dimyristoleoyl spermine 4, N*,N°-dipalmitoyl spermine 5,
N*N°-distearoyl spermine 6 and N*,N°-dioleoyl spermine 7
(Figure 2). The tetra-amine was protected on both the primary
amino functional groups with ethyl trifluoroacetate (2.2
equiv) in methanol. Each corresponding fatty acyl chloride
(e.g. myristoyl, myristoleoyl, oleoyl, stearoyl, etc.) was used
as the acylating agent together with triethylamine in CH,Cl,
and methanol (1:1). Deprotection in methanol saturated with
ammonia gas and flash column chromatography afforded the
seven target lipospermines, homogeneous on silica gel thin-
layer chromatography e.g. N*,N°-dioleoyl spermine 7 R; =
0.44 (CH,Cl,—MeOH—concentrated aqueous NH3 25:10:1
v/v/v). After purification to homogeneity, the structures of
the target compounds were established by 'H and '>*C NMR
spectroscopy and confirmed by HRMS. The compounds were
fully characterized by 'H (at 400 MHz) and '*C NMR (at

(32) Fischer, D.; Bieber, T.; Li, Y. X.; Elsasser, H. P.; Kissel, T. A
novel non-viral vector for DNA delivery based on low molecular
weight, branched polyethylenimine: Effect of molecular weight
on transfection efficiency and cytotoxicity. Pharm. Res. 1999, 16,
1273-1279.

(33) Weinstock, L. T.; Rost, W. J.; Cheng, C. C. Synthesis of new
polyamine derivatives for cancer chemotherapeutic studies.
J. Pharm. Sci. 1981, 70, 956-959.
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Figure 3. Plot of EthBr fluorescence quenching assay of
pEGFP complexed with different lipospermines.

100 MHz) spectroscopy; the characteristic "H NMR signals
included 6 0.8—0.9 ppm methyl protons, 1.2—1.3 ppm many
methylene chain protons, and 5.3—5.4 ppm for the alkene
protons (where required), while the characteristic '*C NMR
signals included 6 13.9—14.1 ppm methyls, 22.3—39.1 ppm
methylenes, 45.1—49.2 ppm (C3 and C5), 129.5—129.7 cis-
alkenes C9' and C10" (where required), and 172.7—174.5
ppm the amide carbonyl groups. A solution of the diamide
6 or 7, in anhydrous THF, was reduced with an excess of
lithium aluminum hydride and purified over silica gel
(CH,Cl,:MeOH 10:1 v/v then CH,Cl,:MeOH:NH,OH 10:
5:1 v/vlv) to afford the two target tetra-amines N*N°-
distearyl spermine 8 and N*,N°-dioleyl spermine 9 (Figure
2).34

DNA Condensation. In Figure 3, we show the DNA
condensation ability of the synthesized lipopolyamines in an
EthBr fluorescence quenching assay. These results show that
N*N°-dimyristoyl spermine 3 and N*,N°-dimyristoleoyl
spermine 4 have the best DNA condensing ability, more than
90% EthBr fluorescence quenching at N/P charge ratio 2,
while N*,N’-dipalmitoyl 5 and N*,N’-distearoyl 6 show such
a result at N/P = 3, then N4,N9—didecanoyl spermine 1 and
N*N’-dioleoyl spermine 7 show 75% fluorescence quenching
at N/P = 4 and last N*,N’-dilauroyl spermine 2 is only able
to achieve about 60% fluorescence quenching at the same
N/P charge ratio.

The gel electrophoresis results (data not shown) show that
the majority of spermine conjugates were able to prevent
the migration of pEGFP DNA efficiently, as a result of
neutralization of DNA phosphate negative charges by the
lipopolyamine ammonium positive charges at their optimized
respective charge ratios (N/P) of transfection. Thus, by
completely inhibiting the electrophoretic mobility of plasmid
DNA, we conclude that they are charge neutralized, experi-

(34) Yongliang, C.; Malek, M.; Gulilat, G. Synthesis and activity of
transfection reagents for transport of biologically active agents
or substances into cells. WO0027795, 2000.
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Table 1. Particle Size (Mean + S.D.) and ¢{-Potential of
pEGFP Complexes with the Studied N*,N°-Diacyl
Lipopolyamines

charge lipoplex ({-potential

ratio  diameter (+)

lipospermine (N/P) (nm) mV
N*,N°-didecanoyl spermine 1 10 150 (6) 4.77
N*,NP-dilauroyl spermine 2 20 170 (12) 14.32

150 (13)  6.78
130 (9) 8.21
160 (10)  9.24
220 (21) nd

150 (12)  2.17

N*, NP-dimyristoyl spermine 3 10
N* N°-dimyristoleoyl spermine 4 12
N*,NP-dipalmitoyl spermine 5 20
N*,NP-disteraroyl spermine 6 15
N*,N°-dioleoyl spermine 7 25

mental evidence which supports the pPEGFP DNA condensa-
tion data that we obtained from the EthBr fluorescence
quenching assay (Figure 3). Of course, it is not essential that
the DNA is fully condensed, provided that nanoparticles are
formed, if entry is via the clathrin coated pit, in comparison
with relying upon entry during mitosis as in the use of naked
DNA.

Lipoplex Particle Size and Zeta-Potential Measure-
ments. The particle size and -potential characterization
measurements were carried out on the lipoplexes at their
optimum N/P charge ratio of transfection (see Table 1).
Particle size characterization by laser diffraction showed
that the nanoscale particle size of the formed complexes
ranged from 130 nm (N*,N°-dimyristoleoyl spermine 4)
to 170 nm (N*,N°-dilauroyl spermine 2) and 220 nm
(N*N’-distearoyl spermine 6) with an average particle size
of 161 nm (Table 1).

C-Potential is an important parameter helping to predict
the stability of the formulation as well as the ability of the
positively charged nanoparticles to interact with cell mem-
branes. {-Potential depends on several factors, including pH,
ionic charge, ion size, and concentration of ions in solution.
The formed nanoparticles are considered to be stable when
they have pronounced {-potential values, either positive or
negative, but the tendency to aggregate is higher when the
E-potential is close to zero.” The surface charge, as deter-
mined by {-potential measurements on the lipoplexes at their
optimum N/P charge ratio of transfection, show that all
values are positive (Table 1), and they ranged from +2.17
mV (NN’ -dioleoyl spermine 7) to +14.32 mV (N* N°-
dilauroyl spermine 2); the measured {-potential for naked
DNA is —1.02 mV.

DNase I Protection. The DNase I protection assay was
carried out using plasmid DNA complexed with different
N/P charge ratios of the lipopolyamines. Reasonably intense
undigested DNA bands were detected in the gel as a control,
and there was no band in the lane for uncondensed DNA
which was fully digested by DNase I as negative control
(Figure 4). We performed the DNase protection assay using
different N/P charge ratios of our lipopolyamines e.g. for
N*N°-dioleoyl spermine 7 the intense band of undigested
DNA appeared at N/P charge ratio 3 (Figure 4) which means
that the lipoplex formed from condensed pEGFP DNA with

3 e
DNA+Lipogent DNase 1

N/P 3 2 1

Figure 4. Typical 1% agarose gel of fluorescent EthBr
intercalated in pEGFP, assay of DNase | protection on
complexation (lipoplex formation) with N* A°-dioleoyl
spermine 7.
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Figure 5. Lipofection of the primary skin cell line FEK4
and the cancer cell line HiTA transfected with pEGFP
(1 ug) complexed with N* NP-dilauroyl spermine 2 at
different N/P charge ratios.
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Figure 6. Lipofection of the primary skin cell line FEK4
and the cancer cell line HtTA transfected with pEGFP
(1 ug) complexed with N*,N°-dimyristoyl spermine 3 at
different N/P charge ratios.

this lipopolyamine is effectively protected from DNase I
enzyme, and this may contribute to the lipoplex serum
stability.

Transfection Experiments and In Vitro Cytotoxicity.
The transduction of EGFP into a primary skin cell line FEK4
and a cancer cell line (HeLa-derived HtTA) was investigated.
The optimum concentrations (and corresponding N/P charge
ratios) for transfection were experimentally determined by
using ascending N/P charge ratios of lipopolyamines. From
our typical results with these new lipopolyamines we
conclude that the transfection efficiency (Figures 5, 6, and
7) and also the toxicity (decrease in cell viability) (Figures
8 and 9) increase as a function of N/P charge ratio.

That our lipopolyamines are pPDNA delivery vectors that
can achieve high transfection efficiency is immediately seen

% transfection

8 10
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Figure 7. Lipofection of the primary skin cell line FEK4
and the cancer cell line HiTA transfected with pEGFP
(1 ug) complexed with N*,N°-dipalmitoyl spermine 5 at
different N/P charge ratios.
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Figure 8. Cytotoxicity effect of pEGFP (1 ug) complexed
with N*,\°-didecanoyl spermine 1 at different N/P ratios
on the primary skin cell line FEK4 and the cancer cell
line HiTA.
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Figure 9. Cytotoxicity effect of pEGFP (1 «g) complexed
with N*,N°-dimyristoleoyl spermine 4 at different N/P
ratios on the primary skin cell line FEK4 and the cancer
cell line HITA.

from our representative flow cytometric FACS analysis
(gated in the control for live cells) with N*,N°-dimyristoleoyl
spermine 4 in both cell lines (Figure 10). After 4 h
transfection and then 44 h growing, at the end of those 48 h,
cells were washed twice with PBS (1 mL/well) to remove
FCS and dead cells. Typically, 10,000 events were collected.
Recordings were made at green fluorescence (FL1), and data
were expressed as histograms. Only a subset of the data
obtained from healthy cells (the major population) was
analyzed through a gate setting. In the histogram of events
at different fluorescence intensity control group, the fluo-
rescence intensity range (M;) was set as a constant range
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Figure 10. FACS analysis showing the live population
gated (above), and of FEK4 (middle) and of HiTA
(below) after 48 h transfection of pEFGP complexed
with N* N°-dimyristoleoyl spermine 4: M untransduced
cells, O EGFP-positive cells.

throughout the experiments. The transfection efficiency was
calculated based on the percentage of the cells that expressed
EGFP (positive cells) in the established range (M;) with
correction for the background fluorescence of the control
sample with Aex = 495 nm and Aen = 518 nm. Further
transfection efficiency studies (carried out in triplicate on 3
separate experiments, n = 9) showed that for N*,N°-dioleoyl
spermine 7 there was no significant difference between the
transfection efficiency in the presence (FEK4 82.9% + 4.3,
HtTA 75.4% =+ 5.5) or absence (FEK4 85.3% + 1.4, HITA
78.0% =+ 1.7) of serum. Encouraged by these positive results,
all our subsequent transfection experiments are performed
in the presence of serum.

The required lipopolyamine amounts and the correspond-
ing N/P charge ratios to deliver pEGFP (1 ug in 50 uL, in
a total final volume of 0.5 mL) for optimum high levels of
transfection were found to be N*,N°-didecanoyl spermine (7.7
ug, NIP = 10.0), N*,N°-dilauroyl spermine (17.2 ug, N/P =
20.0), N*,N°-dimyristoyl spermine (9.4 ug, N/P = 10.0),
N*N’-dimyristoleoyl spermine (11.2 ug, N/P = 12.0), N*,N°-
dipalmitoyl spermine (20.5 ug, N/P = 20.0), N*,N°-dioleoyl
spermine (2.8 ug, N/P = 2.5) and N*,N°-distearoyl spermine
(16.7 ug, N/P = 15). The transfection results (histograms in
Figures 11 and 12) indicate that there is no significant
difference in the transfection ability of the different liposper-
mines (at their optimum pDNA delivery N/P charge ratio)
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Figure 11. Lipofection and cytotoxicity effects of pEGFP
(1 ug) complexed with decanoyl (N*,N°-didecanoyl
spermine 1) (7.7 ug), lauroyl (N*,N°-dilauroyl spermine
2) (17.2 ug), myristoyl (N*,N°-dimyristoyl spermine 3)
(9.4 ug), myristoleoyl (N*,N°-dimyristoleoyl spermine 84)
(11.2 ug), palmitoyl (N*,N°-dipalmitoyl spermine 5) (20.5
ug), oleoyl (N* N°-dioleoyl spermine 7) (2.8 ug), and
stearoyl (N*,N°-distearoyl spermine 6) (16.7 ug) on the
primary skin cell line FEK4. The data represent 3
different experiments (3 replicates each), and the error
bars represent the SD.
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Figure 12. Lipofection and cytotoxicity effects of pEGFP
(1 ug) complexed with decanoyl (N*,N°-didecanoyl
spermine 1) (7.7 ug), lauroyl (N*,N°-dilauroyl spermine
2) (17.2 ug), myristoyl (N*,N°-dimyristoyl spermine 3)
(9.4 ug), myristoleoyl (N*,N°-dimyristoleoyl spermine 4)
(11.2 ug), palmitoyl (N*,N°-dipalmitoyl spermine 5) (20.5
ug), oleoyl (N* N°-dioleoyl spermine 7) (2.8 ug), and
stearoyl (N*,N°-distearoyl spermine 6) (16.7 ug) on the
HtTA cancer cell line. The data represent 3 different
experiments (3 replicates each), and the error bars
represent the SD.

on both cell lines, even in the presence of serum, except
with N*,N°-distearoyl spermine 6. However, the cell viability
(MTT assay) results (solid lines on Figures 11 and 12)
indicate that N*,N°-dioleoyl spermine typically shows 80%
and 70% cell viability for FEK4 and HtTA cells, respectively.
The shorter chain lipospermines, especially di-C14, both
saturated and cis-monounsaturated, while efficient at cell
transfection, are toxic to both cell lines (viability less than
40%, and often under 20%). It is often proposed that toxicity
increases with increasing n-alkyl chain length, e.g. going
from C2 to C8 *>37 and similarly to C10,%® as such cationic
surfactants are known to increase membrane permeability,
although this is not an immutable rule, as was found for C2
to C12 in the 8-alkylberberine chloride series where upon

elongating the aliphatic chain, toxicity decreased gradually.*
We are not proposing that our results contradict this, rather
that our dioleoyl spermine is used at a significantly low N/P
charge ratio, and the shorter chain analogues at higher N/P
ratios.

In this study, we have investigated effects resulting from
changes in the length of the symmetrical diacyl fatty chain
formulations of lipospermines on DNA condensation and
cellular delivery. The results from pEGFP condensation,
investigated by EthBr fluorescence quenching assay, revealed
that five of our synthetic lipopolyamines were able to
condense DNA to less than 20% EthBr fluorescence, where
DNA is defined as condensed.*® However, N* N’ -dilauroyl
spermine had not quenched the EthBr fluorescence to 20%
by N/P charge ratio 3.5 (Figure 3). Particle size of the final
nanoscale formulation is also an important factor in improv-
ing gene delivery.*'* Particle size results (Table 1) showed
an average particle size of 161 nm. On the relationship
between particle size and transfection efficiency, all our
lipoplexes are in the range 130—220 nm, and they transfected
target cell lines efficiently. If internalization is via a clathrin
coated pit, there will be an upper-size limit of 250—300 nm,**
although larger sizes of nanoparticles still do achieve
transfection, presumably by a different mechanism.** Nano-
particles have relatively higher intracellular uptake than

(35) Larson, J. H.; Frost, P. C.; Lamberti, G. A. Variable toxicity of
ionic liquid-forming chemicals to Lemna minor and the influence
of dissolved organic matter. Environ. Toxicol. Chem. 2008, 27,
676-681.

(36) Cho, C. W.; Pham, T. P. T.; Jeon, Y. C.; Vijayaraghavan, K.;
Choe, W. S.; Yun, Y. S. Toxicity of imidazolium salt with anion
bromide to a phytoplankton Selenastrum capricornutum: Effect
of alkyl-chain length. Chemosphere 2007, 69, 1003—1007.

(37) Docherty, K. M.; Kulpa, C. F. Toxicity and antimicrobial activity
of imidazolium and pyridinium ionic liquids. Green Chem. 2005,
7, 185-189.

(38) Ranke, J.; Molter, K.; Stock, F.; Bottin-Weber, U.; Poczobutt, J.;
Hoffmann, J.; Ondruschka, B.; Filser, J.; Jastorff, B. Biological
effects of imidazolium ionic liquids with varying chain lengths
in acute Vibrio fischeri and WST-1 cell viability assays. Ecotoxi-
col. Environ. Saf. 2004, 58, 396-404.

(39) Yang, Y.; Ye, X. L.; Li, X. G.; Zhen, J.; Zhang, B. S.; Yuan,
L. J. Synthesis and antimicrobial activity of 8-alkylberberine
derivatives with a long aliphatic chain. Planta Med. 2007, 73,
602-604.

(40) Bloomfield, V. A. DNA condensation by multivalent cations.
Biopolymers 1997, 44, 269-282.

(41) Hung, C. F.; Hwang, T. L.; Chang, C. C.; Fang, J. Y. Physico-
chemical characterization and gene transfection efficiency of lipid,
emulsions with various co-emulsifiers. Int. J. Pharm. 2005, 289,
197-208.

(42) Anderson, D. G.; Akinc, A.; Hossain, N.; Langer, R. Structure/
property studies of polymeric gene delivery using a library of
poly(beta-amino esters). Mol. Ther. 2005, 11, 426-434.

(43) Razani, B.; Lisanti, M. P. Caveolins and caveolae: Molecular and
functional relationships. Exp. Cell Res. 2001, 271, 36-44.

(44) Gao, X.; Huang, L. Potentiation of cationic liposome-mediated
gene delivery by polycations. Biochemistry 1996, 35, 1027-1036.
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microparticles.*> Also, on the nanoscale, smaller-size poly-
plexes are more able to enter cells and thereby increase the
efficiency of transfection.*®

The lipid moiety in our cationic lipids interacts with the
phospholipid bilayer of the cell membrane, and that facilitates
cell entry, either in crossing the membrane bilayer and/or in
helping to weaken the endosomal bilayer and thereby aid
escape into the cytosol. DNA, either as a nanoparticle or
now free (uncomplexed) from the condensing lipopolyamine,
must now traffic to the nucleus and cross the nuclear
membrane which is thought to occur through the NPC or by
direct association with the chromatin during mitosis. After
nuclear entry, the payload DNA should successfully be able
to give the desired protein through transcription and transla-
tion (Figure 1). The first key step in this gene formulation is
DNA condensation into nanoparticles by masking the nega-
tive charges of the phosphate backbone. This titration with
a lipopolyamine causes alleviation of charge repulsion
between remote phosphates along the DNA helix leading to
collapse into a more compact structure that facilitates cell
entry. The packing of the lipid chains make a significant
contribution to this DNA compaction (Figure 3).

We have previously reported the importance of the
substituents in the lipid moiety conjugated to the cationic
polyamine to achieve improvements in DNA condensation
efficiency for non-liposomal formulations where the lipid
moiety must be considered in shape (volume) and substituent
pattern, as well as the polyamine moiety and its pK,
values.®”*’7%° The design and synthesis of novel cationic
lipids based on the tetra-amine spermine, as non-liposomal
formulations, where the lipid moiety is a long carbon chain,
were largely instigated by Remy et al.’" and Behr et al.>
with their design and preparation of the highly efficient
lipopolyamine dioctadecylamidoglycylspermine (DOGS,
Transfectam). We have previously reported that N*N°-

dioleoyl spermine is significantly less toxic and more efficient
than both Lipofectin and Lipofectamine in the primary skin
cell line FEK4, and we also cited the cytotoxic effects of
these liposomal formulations.® It is generally agreed that the
length and type of the aliphatic chains incorporated into
cationic lipids significantly affect their transfection efficiency,
but this needs experimental verification. Thus, a series of
vectors differing in their hydrophobic domains have been
prepared. Behr and co-workers made a series of li-
popolyamines and found that their gene delivery efficiency
was independent of chain saturation (oleoyl vs stearoyl
lipopolyamines).>" Further, when comparing saturated chains,
McGregor et al. found C18 chains to be optimal in a series
of gemini surfactants according to the order C18 > C16 >
C14,>* which was also reported by Scherman and co-workers
with a series of linear polyamine-based vectors.>® Results
obtained with DMRIE>” (1,2-dimyristyloxypropyl-3-dimeth-
yl-hydroxyethylammonium bromide, an analogue of DOT-
MA), alkyl acyl carnitine esters®® and bis-ether lipids related
to DOTAP’ have shown that a comparison of vectors based
solely on the lengths of the two saturated aliphatic chains
led to the order C14 > C16 > C18 (in terms of transgene
expression). Early liposomal studies therefore led to the
proposal that a shorter chain length may facilitate intermem-
brane mixing, an important factor in endosomal escape.”” A
common moiety is the use of cis-monounsaturated alkyl
chains e.g. the oleoyl group (C18). This leads to higher
transfection levels than the corresponding saturated e.g.
stearoyl (C18) derivatives, a result possibly related to the
issues of hydrophobic moiety hydration or packing.>>>°
The remarkably different results obtained between N*,N°-
distearoyl spermine 6 and N*,N°-dioleoyl spermine 7, the
former with poor transfection and the latter with high
transfection, but both showing good cell viability at practical
concentrations for pDNA delivery with N*,N°-dioleoyl sper-

(45) De Smedt, S. C.; Demeester, J.; Hennink, W. E. Cationic polymer
based gene delivery systems. Pharm. Res. 2000, 17, 113-126.

(46) Panyam, J.; Labhasetwar, V. Biodegradable nanoparticles for drug
and gene delivery to cells and tissue. Adv. Drug Delivery Rev.
2003, 55, 329-347.

(47) Adjimatera, N.; Kral, T.; Hof, M.; Blagbrough, 1. S. Lipo-
polyamine-mediated single nanoparticle formation of calf thymus
DNA analyzed by fluorescence correlation spectroscopy. Pharm.
Res. 2006, 23, 1564-1573.

(48) Blagbrough, I. S.; Al-Hadithi, D.; Geall, A. J. Cheno-, urso- and
deoxycholic acid spermine conjugates: Relative binding affinities
for calf thymus DNA. Tetrahedron 2000, 56, 3439-3447.

(49) Blagbrough, I. S.; Geall, A. J.; Neal, A. P. Polyamines and novel
polyamine conjugates interact with DNA in ways that can be
exploited in non-viral gene therapy. Biochem. Soc. Trans. 2003,
31, 397-406.

(50) Geall, A. J.; Eaton, M. A. W.; Baker, T.; Catterall, C.; Blagbrough,
1. S. The regiochemical distribution of positive charges along
cholesterol polyamine carbamates plays significant roles in
modulating DNA binding affinity and lipofection. FEBS Lett.
1999, 459, 337-342.

(51) Remy, J. S.; Sirlin, C.; Vierling, P.; Behr, J. P. Gene-transfer with
a series of lipophilic DNA-binding molecules. Bioconjugate Chem.
1994, 5, 647-654.
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Figure 13. Lipofection and cytotoxicity effects of pEGFP
(1 ug) complexed with oleoyl (N*,A°-dioleoyl spermine
7) (2.8 ug), oleyl (N*,N°-dioleyl spermine 9) (4.3 ug),
stearoyl (N*,N°-distearoyl spermine 6) (16.7 ug) and
stearyl (N*,N°-distearyl spermine 8) (6.7 ug) on the
primary skin cell line FEK4 and the HelLa derived
cancer cell line HITA.

Stearoyl Stearyl

mine 7, made us investigate further these vectors. We
designed and prepared alkyl analogues with four positive
charges at physiological pH from amide reduction to the
tetraamines. Therefore, the corresponding N*,N°-distearyl
spermine 8 and N*,N°-dioleyl spermine 9 were compared
with the two di-C18 acyl lipospermines, the saturated N* N°-
distearoyl spermine 6 and the mono-cis-unsaturated N*,N°-
dioleoyl spermine 7. The results (Figure 13, histograms)
show that there is not a large difference in the transfection
efficiency, neither gain nor loss, on doubling the number of
positive charges in the conjugate derived from N*,N°-dioleoyl
spermine, while there is a great gain in the transfection
efficiency for the conjugate compared to N*,N’-distearoyl
spermine 6. Thus, N*,N’-distearoyl spermine 6 shows trans-
fection efficiencies of 28% and 26% (FEK4 and HtTA
respectively), N*,N’-distearyl spermine 8 72% and 87%,
N*N°-dioleoyl spermine 7 85% and 78%, and N*,N°-dioleyl

spermine 9 80% and 76%, but the cell viabilities drop from
around 65—90% to 10—42%. Therefore, the two alkyl
analogues are much more toxic (Figure 13, lines) to both
cell lines.

By incorporating two aliphatic chains and then stepwise
changing their length, we have shown that our synthesized
lipospermines, except distearoyl, afford transfection results
in a similar range (essentially equally efficient), but at
different N/P ratios of which N*,N°-dioleoyl spermine has
the lowest (N/P = 2.5) while the others ranged over N/P
ratios 10—20. This may give a lead to their higher toxicity,
often more than 60% compared with the ~25% observed
for N*,N°-dioleoyl spermine which, with its two unsaturated
chains, is also much more efficient than the saturated
analogue N*,N°-distearoyl spermine. N*,N°-Dioleoyl sper-
mine is an excellent vector for NVGT.

Abbreviations Used

DOGS, dioctadecylamidoglycylspermine; EGFP, enhanced
green fluorescent protein; EMEM, Earle’s minimal essential
medium; EthBr, ethidium bromide; FCS, fetal calf serum;
HRMS, high-resolution mass spectrometry; MTT, 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; NPC,
nuclear pore complex; NVGT, non-viral gene therapy;
pEGFP, plasmid enhanced green fluorescent protein.
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