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Introduction

A wide range of practical applications in life science is closely
connected to supramolecular organization at the nanoscale.
Self-assembling and ordering of DNA molecules at planar, op-
positely charged surfaces is of particular interest for the prepa-
ration of biomaterials, functional nanostructures, DNA chips,
biosensors and nanodevices.[1–5] Another important field requir-
ing a deeper understanding of the mechanisms of DNA inter-
actions with cationic lipids is medical gene therapy, which
seems to be the most innovative method in the treatment of
genetic and serious acquired diseases including cancer, AIDS,
Parkinson’s and Alzheimer’s diseases and cardiovascular disor-
ders.[6–8] Lipid/DNA complexes mimic the ability of natural vi-
ruses to transfect genetic material to the cell core. In contrast
to the viral systems these complexes do not have immunogen-
ic potential or restrictions with regard to the size of the deliv-
ered gene fragments.[9–11] However, cationic lipids and also
other non-viral vectors such as polymers and peptides suffer
from low transfection efficacy and pronounced toxicity. Further
success will only be achieved by designing new compounds
followed by in vitro tests of their transfection activity and cyto-
toxicity. Here we present new and cheap gene transfer vectors.
The lipid part including the backbone is represented by long
chain branched fatty acids which are essential for the stability
of the complexes with DNA. The synthesis of two novel cation-
ic lipids as well as the physical–chemical characterization of
the new compounds organized as Langmuir monolayers at the
air–water interface will be described. Special focus was put on
the coupling of DNA with the monolayer resulting in a one-di-
mensional ordering of bio-macromolecules at the charged sur-

face. Despite a large number of publications devoted to differ-
ent aspects of DNA/cationic monolayer interaction,[12–21] the in-
fluence of the chemical structure of lipid molecules as well as
of the monolayer phase state on the coupling behavior is not
fully understood. Therefore, emphasis was placed on a detailed
physical–chemical characterization of the novel amphiphilic
compounds accompanied by biological testing. Successful de-
livery of DNA-based therapeutics requires a certain stability of
the DNA/vector complex in the slightly acidic environment of
the endosomes followed by in situ liberation of drugs in cyto-
sole or nucleus, where the pH value is close to 7.[22] It has been
already shown that the subphase pH value influences clearly
the protonation state of the newly synthesized cationic
lipids.[23] Thus, the other important question to be investigated
is the perspective to use the novel compounds as pH-sensitive
delivery vectors, that means to study in detail the effect of the
subphase pH value on the physical–chemical properties of the

Investigation of DNA interactions with cationic lipids is of par-
ticular importance for the fabrication of biosensors and nano-
devices. Furthermore, lipid/DNA complexes can be applied for
direct delivery of DNA-based biopharmaceuticals to damaged
cells as non-viral vectors. To obtain more effective and safer
DNA vectors, the new cationic lipids 2-tetradecylhexadecanoic
acid-{2-[(2-aminoethyl)amino]ethyl}amide (CI) and 2-tetradecyl-
hexadecanoic acid-2-[bis(2-aminoethyl)amino]ethylamide (CII)
were synthesized and characterized. The synthesis, physical–
chemical properties and first transfection and toxicity experi-
ments are reported. Special attention was focused on the ca-
pability of CI and CII to complex DNA at low and high sub-
phase pH values. Langmuir monolayers at the air/water inter-

face represent a well-defined model system to study the lipid/
DNA complexes. Interactions and ordering of DNA under Lang-
muir monolayers of the new cationic lipids were studied using
film balance measurements, grazing incidence X-ray diffraction
(GIXD) and X-ray reflectivity (XR). The results obtained demon-
strate the ability of these cationic lipids to couple with DNA at
low as well as at high pH value. Moreover, the observed DNA
structuring seems not to depend on subphase pH conditions.
An influence of the chemical structure of the lipid head group
on the DNA binding ability was clearly observed. Both com-
pounds show good transfection efficacy and low toxicity in the
in vitro experiments indicating that lipids with such structures
are promising candidates for successful gene delivery systems.
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cationic lipid monolayers, on DNA adsorption and on the struc-
ture of the DNA/lipid complexes.

Results and Discussion

The cationic head groups of the newly synthesized lipids
(Figure 1) are represented by oligoamines, which can be proto-
nated and therefore positively charged or deprotonated/un-

charged depending on the environmental pH value. To study
the physical–chemical properties of these cationic lipids and
their interactions with DNA, subphases with pH 4 and pH 8
were used to mimic closely the physiological conditions of ly-
sosome and cytosol, respectively. The protonation properties
of the novel compounds in dependence on the bulk pH value
have been already studied.[23] According to the total reflection
X-ray fluorescence (TRXF) experiments, 100 % of the lipid mole-
cules at the air–water interface are charged at pH 4 and ~40 %
of them have even two positive charges per head group. In
contrast, pH 8 corresponds to the mostly deprotonated state
of the monolayer, only 5 % of the monolayer molecules have
one positive charge in the head group. The titration curves are
identical for both lipids studied independent of the head
group structure.[23]

The pH-dependent protonation of the head group influen-
ces the pressure–area (p--A) isotherms of the pure monolayers
(Figure 2). The large molecular areas, observed for the mono-
layers of CI and CII, indicate that they are in a fluid-expanded
state at both investigated pH values. No evidence of lateral or-
dering was observed by grazing incidence X-ray diffraction
(GIXD). Electrostatic repulsion between the protonated head
groups leads to an expansion of the monolayer (shift to larger
molecular areas) at pH 4 compared to the behavior at pH 8
which corresponds to a less charged state of the molecules at
the interface. At low pH value, coupling of DNA to the CI or
CII monolayers leads to a further expansion, especially at sur-
face pressures below 20 mN m�1 giving evidence that DNA can
penetrate into the monolayers. The location of the adsorbed
DNA will be discussed later. On compression, a pronounced
change of the slope of the isotherms indicates that the DNA is
partly squeezed out of the lipid monolayer at higher surface
pressures. In spite of a minor amount of protonated lipid head
groups at pH 8, sufficient expansion of the monolayers in the
presence of DNA shows that DNA interacts with the lipid mon-
olayers of CI and CII under this condition. Thus, even the low

surface charge density is sufficient for DNA coupling to these
monolayers at the air–liquid interface.

It can be clearly seen (Figure 2, bottom) that in the presence
of DNA above a pressure of 12 mN m�1 the monolayer of CII
occupies more area at pH 8 than at pH 4. An explanation for
this observation could be that the protonated, branched lipid
head group interacts strongly with the DNA molecules so that
upon squeezing-out of penetrated DNA a certain number of
strongly interacting lipid molecules is lost into the subphase
during compression of the film. This process is reversible.

As CI and CII form fluid monolayers, no ordered lipid struc-
tures were detected using GIXD. Nevertheless, GIXD was ap-
plied to study the one-dimensional periodicity in the adsorbed
DNA layer. Schematic representation of DNA ordering under
the monolayer surface together with a selected contour plot of
the corrected X-ray intensities as a function of the in-plane
and out-of plane scattering vector components Qxy and Qz of
CI on a DNA containing subphase are shown in Figure 3. As it
was already demonstrated elsewhere,[24] the lattice spacing of
DNA depends on the pH value but is almost independent of
the surface pressure if the lipid monolayer is in a condensed
state. In contrast, the distance between the aligned DNA
strands adsorbed to fluid lipid layers is clearly pressure-de-
pendent, but not distinctly influenced by the pH value
(Figure 4). The lateral ordering of DNA must be a result of two
counteracting processes: 1) The electrostatic attraction of op-
positely charged lipid head groups and DNA, and 2) the repul-
sion of like charged DNA molecules. Thus, in the case of con-
densed lipid layers the smaller amount of positively charged
molecules in the monolayer on the supbhase at pH 8 does not
allow DNA to pack so closely as on the pH 4 subphase due to
a less effective charge compensation. In the case of fluid mon-
olayers, the average surface charge density at any pH value is

Figure 1. Chemical structures of the newly synthesized cationic lipids.

Figure 2. Pressure–area isotherms of the monolayers of CI (top), CII
(bottom), on citric buffer, pH 4 (a), Tris buffer, pH 8 (b), citric buffer, pH 4, in
presence of 0.1 mm DNA (c) and on Tris buffer, pH 8, in presence of 0.1 mm

DNA (d).
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smaller compared with condensed layers. Therefore, a tight
packing of DNA molecules cannot be observed. The question
arises: Why are the d-spacing values essentially the same at
both pH values? In the case of pH 8 subphase, the initial ap-
proach of the biopolymer to the interface leads obviously to a
further protonation of the lipid molecules which then in turn
attract more DNA, so that at the end of the adsorption process
similar charge densities can be expected in the monolayers at
both pH values. The lattice spacing of DNA is also influenced
by the structure of the lipid head group. According to our re-
sults, the branched polyamine head group in CII leads to

larger d-spacing values at low pressure and smaller values at
high pressure compared with the straight head group struc-
ture of CI.

Zwitterionic 1,2-dioleoylphosphatidylethanolamine (DOPE)
as a helper lipid in cationic lipid/DNA formulations often pro-
motes transfection efficacy.[25–26] Therefore, the interaction of
DNA with Langmuir monolayers of binary mixtures of the new
cationic lipids and DOPE was also studied (Figure 5). For both
investigated compounds, the DNA lattice spacing is found to

be slightly less pressure-dependent using mixed monolayers
than pure cationic layers. If three quarters of the monolayer
area are occupied by DOPE, the distance between ordered
DNA molecules is on average 7 � larger compared with the 1:1
binary mixture. At low surface pressure values (below
20 mN m�1), the DNA strands are slightly denser packed at the
1:1 cationic lipid/DOPE mixed monolayer than at the pure cati-
onic layers. This result cannot be explained in terms of charge
compensation as the p–A isotherms of the binary mixtures on
the DNA containing subphase (data not shown) and the X-ray
reflectivity studies give evidence for a penetration of DNA mol-
ecules into the film. On the other hand, we have no clear infor-
mation about the miscibility behavior in the mixed films. Since
both compounds form liquid-expanded monolayers, full misci-
bility can be expected on the pure subphase. Interaction of
DNA with the charged species could lead to a partial phase
separation in the mixed layer. Such an assumed phase separa-
tion could be pressure-dependent. An assumed liquid–liquid
phase separation results in a higher surface charge density in
the regions formed by the cationic lipid molecules, however
the charge density cannot be higher compared with that of
the pure cationic lipid layer. The only reasonable explanation
seems to be an enhanced interaction owing to sterical reasons

Figure 3. Molecular model of DNA ordering at the monolayer of the novel
cationic lipids (top). Selected contour plot of corrected X-ray intensities as a
function of the in-plane (Qxy) and the out-of-plane (Qz) scattering vector
components of CI monolayer on 0.1 mm DNA solution in citric buffer, pH 4,
at p= 40 mN m�1 (bottom).

Figure 4. The lattice spacing between organized DNA strands (dDNA) adsor-
bed at the monolayer of CI (top) or CII (bottom) as a function of the surface
pressure p. The monolayer is formed on the subphase containing 0.1 mm

DNA in citric buffer, pH 4 (-~-) or in Tris buffer, pH 8 (-*-).

Figure 5. The lattice spacing between organized DNA strands (dDNA) adsor-
bed at mixed monolayers composed of DOPE and CI (top) or CII (bottom) as
a function of the surface pressure p. Monolayer compositions: cationic lipid:
DOPE = 1:1 (-*-), cationic lipid : DOPE = 1:3 (-&-). Control data for monolay-
ers of the pure cationic lipids (-&-). The monolayers are formed on the
0.1 mm DNA solution in citric buffer, pH 4.
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because the presence of a certain number of DOPE molecules
allows the denser packing of DNA.[27–29]

Time-dependent experiments give evidence that the cou-
pling of DNA to the mixed monolayers is a dynamic process,
thus dDNA depends both on surface pressure and time. The re-
sults shown in Figure 6 were obtained using the following pro-
tocol : the CII monolayer was first compressed until the desired
surface pressure and X-ray diffraction data were measured.

After one hour of incubation of the monolayer at fixed surface
pressure, the X-ray experiment was repeated. Figure 6 shows
that the interaxial repeat distance of DNA sublattices is on
average 2 � larger after one hour of incubation indicating that
the reorganization of adsorbed DNA is a quite slow process,
showing that even slow compression of the mixed monolayer
leads to a non-equilibrium state. The adsorbed DNA strands,
which are compressed together with the lipid layer, are obvi-
ously too tightly packed. The balancing of the forces leads to
the reorganization in the adsorption layer. This reorganization
might be connected with a partial desorption followed by a
new adsorption process.

All GIXD studies of DNA organization at the surfaces of CI
and CII monolayers demonstrate clearly the pressure depend-
ence of dDNA. The possible reasons of this phenomenon could
be either changes in the monolayer surface charge density
leading to further adsorption and reorganization of DNA, or a
simple rapprochement of coupled DNA strands together with
the lipid molecules by compression of the layer. To clarify this
question, GIXD investigations of DNA ordering were performed
for the CII monolayer in the following way: the surface pres-
sure was adjusted not via compression of the film but by
adding of an appropriate amount of the lipid on the DNA con-
taining subphase. The results are shown in Figure 7. Good
agreement of the data obtained in both experiments supports
the first assumption, thus the driving force of DNA organiza-
tion and alignment under the monolayers of the novel cationic
lipids is the surface charge density.

Figure 8 displays X-ray reflectivity data of CI and CII mono-
layers on various subphases at 30 mN m�1 together with the
corresponding free-form fits (solid line). Reflectivity from the
monolayer on the pure buffer interface is clearly different from

that on the DNA containing solutions. The obtained electron
density profiles (Figure 9) show the contribution of adsorbed/
penetrated DNA. Subsequently, the electron density profiles
were chemically interpreted by applying prior information
such as the surface area of the molecule. A defined “box
model” could only be used for the lipid monolayers on the
pure buffer subphase with sufficient accuracy. The main reason
for this problem seems to be that the DNA adsorption layer is
not homogeneous. We describe therefore the electron density
profiles by assuming a symmetrical electron density distribu-
tion in the hydrophobic chain region and a defined roughness
between the hydrophilic region, containing the lipid head
groups and adsorbed/penetrated DNA molecules, and the sub-
phase. Assuming the tail group to be symmetric and constrain-
ing the number of electrons in tails (233 electrons) results in a
unique electron density distribution for the tails. The value for
the full width at half maximum (fwhm) of the chain electron
density distribution translates directly to the thickness of the
hydrophobic region. Figure 10 shows the chemical structure of

Figure 6. Dynamics in coupling of DNA to the mixed monolayers. Interaxial
repeat distance dDNA between ordered DNA strands versus monolayer sur-
face pressure p. Monolayer compositions: CII : DOPE = 1:1 (-*-), data record-
ed after 1 hour (-*-) ; CII : DOPE = 1:3 (-&-), data recorded after 1 hour (-&-).
Subphase conditions: 0.1 mm DNA solution in citric buffer, pH 4.

Figure 7. The lattice spacing between organized DNA strands (dDNA) under
the CII monolayer as a function of the surface pressure p. Surface pressure
p is adjusted via compression of the monolayer (-*-), via adding of an ap-
propriate lipid amount on the DNA containing subphase (-*-).

Figure 8. X-ray reflectivity data (-&-) and fit (—) obtained using 23 spline
functions for the CI and CII Langmuir monolayers on various subphases (in-
dicated).
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the CII molecules together with a schematic representation of
a DNA strand adsorbed to and partly penetrated into the head
group region. The electron density profiles (solid lines) ob-
tained for the CII monolayer on the pure subphase (left) and
the subphase containing DNA
(right) are shown with the corre-
sponding contributions of the
substructures (dashed lines). Pa-
rameters (area per molecule and
number of electrons in the hy-
drophobic part) used for the fits
and thicknesses of the two parts
obtained from the observed
electron density profiles are pre-
sented in Table 1. The results
show that the thicknesses of the
hydrophobic region for CI and

CII on the pH 4 buffer subphase are very similar and typical for
liquid chains. The head group region of CI is about 1 � thicker
than that of CII showing that the orientation of the head
groups is slightly different. On the other hand, a comparison of
the number of electrons in the head group region with the
number of electrons obtained from the fit shows that the CI
head group is by far more hydrated than the CII head group.
The hydrophilic part of the film is sufficiently thicker if DNA is
present in the aqueous solution (Figures 9 and 10, and
Table 1). The thicknesses of the liquid alkyl chain layer on the
DNA-containing subphases is for both pH values smaller com-
pared with a system of pure buffer subphases. This is reasona-
ble taking into account that the molecular areas on the DNA
solutions are larger. The observed trend is in good agreement
with the estimated thickness using z = MW/ ACHTUNGTRENNUNG(NA·A·1) with MW
as the molecular weight of the hydrophobic chains, NA the
Avogadro number, A the area per molecule and 1 the density
of polyethylene (0.9 g cm�3).[23] The thickness of the hydrophilic
part of the coupled layers (approximately 24 �) has been also
determined from the fwhm of the corresponding electron den-

sity profiles. The comparison
with the diameter of the B-form
double-stranded DNA, which is
proved to be 20 � under physio-
logical conditions,[30–31] shows
that essentially one DNA layer is
coupled to the head group
region. Since the DNA layer is
not densely packed (see GIXD re-
sults), the effective thickness of
the hydrophilic part of the cou-
pled lipid/DNA layer, determined
by the reflectivity experiments, is
a little smaller than the total
thickness of the lipid head
groups and the DNA. Additional-
ly, partial penetration of DNA
into the lipid head group region
has also to be taken into ac-
count. Thus, DNA interactions

with the monolayers of the novel cationic lipids result in the
formation of a biopolymer layer with a one-dimensional perio-
dicity underneath the lipid head groups. Assuming that the hy-
dration state of the lipid head groups is the same at both pH

Figure 9. Electron density 1 profiles obtained from the reflectivity data of CI
and CII on the different subphases (indicated).

Figure 10. Electron density profiles of CII on the pure buffer (left) and on the DNA containing subphase (right).
The dashed lines represent the contributions of the hydrophobic and hydrophilic parts and the roughness of the
interface between the coupled system and the subphase.

Table 1. Constrains and results of fitting electron density profiles to the reflectivity data of CI and CII Langmuir
monolayers at p = 30 mN m�1, using a free-form model. Ne is the number of electrons in the hydrophobic and
hydrophilic parts, respectively. The number of electrons in the hydrophobic part and the molecular areas taken
from the isotherms have been fixed to constrain the fit.

Lipid CI CII

Subphase pH 4 DNA, pH 4 DNA, pH 8 pH 4 DNA, pH 4 DNA, pH 8
Molecular area [�2·molecule�1] 63 77 74 65 74 81
Ne (hydrophobic/hydrophilic) 233/206 233/792 233/727 232/162 232/729 233/811
Thickness hydrophobic [�] 12.9 11.5 11.5 12.7 12.1 10.5
Thickness hydrophilic [�] 10.6 24.7 24.0 9.3 23.8 24.3
Roughness [�] 4 4 4 4 4 4
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values, the estimated number of electrons in the hydrophilic
region of the coupled layers shows that the amount of DNA
adsorbed to CI is on the pH 4 subphase slightly larger than on
the pH 8 subphase. However, the difference in the number of
electrons is much smaller than expected from the difference in
the experimentally determined protonation state.[23] This dem-
onstrates again that the approaching DNA increases the proto-
nation state of the CI molecules at pH 8. Surprisingly, for CII an
even larger number of electrons in the hydrophilic part was
observed for pH 8 compared with pH 4.

Figure 11 shows the difference between the electron density
profiles observed on the pure buffer and on the DNA-contain-

ing buffer. The electron density of the fluid chain region is
practically not influenced by DNA adsorption. The observed
small difference in the lipid head group region indicated a par-
tial penetration of DNA. For CI, a clear difference in the elec-
tron density profile difference on the pH 4 and pH 8 subphases
can be seen, whereas the same profile has been observed for
CII on both subphases. This shows that the lipid with the
branched head group structure is able to attract the same
amount of DNA at both pH values indicating that the
branched head group is efficiently protonated on the pH 8
subphase by the coupled DNA. In the case of the CI monolay-
er, the straight structure of the
lipid head groups seems to
hamper this protonation pro-
cess, and a smaller amount of
DNA is adsorbed at pH 8 com-
pared to pH 4.

The sizes of liposomes and
lipoplexes used for the biologi-
cal experiments were measured
by dynamic laser light scattering

using different liposome/DNA charge ratios (from 0.5:1 to 2:1).
The z-average values of lipoplexes vary within the range 160–
400 nm. For both samples, lipoplexes with the highest z-aver-
age value exhibit high transfection efficiencies. Interestingly,
the lipoplexes with the smallest size are less effective in terms
of transfection. The calculated polydispersity index (PDI) values
suggest a polydisperse distribution. The data are listed in
Table 2.

Figure 12 summarizes the in vitro gene delivery efficacies of
the lipids CI and CII in LLC PK1 cells. In these experiments, the
cationic liposomes were prepared in combination with an
equimolar amount of DOPE as the co-lipid. pCMV Sport b-Gal
plasmid DNA was used as the reporter gene. The liposome/
DNA charge ratios (� ) were varied from 0.5:1 to 2:1 and the
transfection efficiencies were detected with the o-nitrophenyl-
b-d-galactopyranoside (ONPG) assay. Both liposome prepara-
tions were able to transfect the LLC PK1 cells. The results show
that charge ratios near 1:1 (� ) are the best for high transfec-
tion of plasmid DNA whereas more positive or negative charge
in the lipoplexes leads to less transfection. These experiments
show also that the head group structure of the lipids has no
influence on the activity maximum. Only the optimal charge
ratios are slightly different.

Figure 13 summarizes the in vitro viability of the LLC PK1
cells. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bro-
mide (MTT) based assays were performed using lipoplexes
with different liposome/DNA charge ratios. In both cases, per-
cent cell viabilities of the samples were found to be remarka-
bly high. Surprisingly, enzyme activity using charge ratios of
0.5:1 and 1:1 (� ) were observed although the cell viability was
not statistically significantly influenced. Only the samples with
charge ratios of 1.5:1 and 2:1 (� ) decreased the cell viability.
These results demonstrate that successful transfection is not
coercible connected with increased toxicity.

Conclusions

The cationic lipids 2-tetradecyl-hexadecanoic acid-{2-[(2-amino-
ethyl)amino]ethyl}amide (CI) and 2-tetradecyl-palmitic acid-2-
[bis(2-aminoethyl)amino]ethylamide (CII) were synthesized for
further application as DNA delivery vectors. The capability of
the new compounds to bind DNA was investigated at acidic
and alkaline pH values to model physiological conditions of
the transfection process. Coupling of DNA with the novel lipids
was studied using Langmuir monolayers as a model system. It
was shown that the subphase pH value influences the physi-
cal–chemical properties of the monolayers of the investigated

Figure 11. Differences in the electron density profiles on DNA containing
subphase and on the pure buffer solution versus film thickness. Subphase
pH conditions: pH 4 (—), pH 8 (–-). The corresponding electron density pro-
file of CI or CII on the pure buffer has been subtracted.

Table 2. Size measurements of liposomes and lipoplexes.

Sample CI/DOPE 1:1 (n/n) CII/DOPE 1:1 (n/n)
z average [nm] PDI z average [nm] PDI

Liposomes 107�2 0.252�0.012 95�2 0.313�0.015
Liposome/DNA–charge ratio (+ /ACHTUNGTRENNUNG) 0.5:1 258�7 0.408�0.013 211�4 0.367�0.032

1:1 262�4 0.424�0.014 205�4 0.387�0.007
1.5:1 215�2 0.413�0.017 375�3 0.475�0.021
2:1 166�2 0.330�0.021 217�3 0.405�0.002
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lipids in absence and in presence of DNA. DNA coupling to the
monolayers of the novel compounds was detected using film
balance measurements, GIXD and X-ray reflectivity studies. All
applied techniques give evidence for lipid complexation with
DNA at pH 4 and pH 8. Moreover, no differences in the one-di-
mensional periodicity of ordered DNA strands were observed
in dependence of the bulk phase pH conditions. In addition,
very similar contribution of adsorbed DNA to the electron den-
sity profile of the lipid films was found at both investigated pH
values. The results obtained let to suppose that further proto-
nation of the amines in the lipid head groups occurs due to
the approach of DNA to the air/water interface at pH 8, that in
turn favors binding of DNA. The influence of the lipid head
group structure on the coupling ability was also shown.
Indeed, interactions of DNA with lipids having a branched
head group structure (CII) seem to be stronger. Furthermore,
at alkaline pH the branched polyamine chains were found to
promote DNA adsorption more sufficient than the straight
ones.

Both compounds show in combination with the helper lipid
DOPE good transfection efficacy and low toxicity in the in vitro
experiments indicating that lipids with such structures are
promising candidates for successful gene delivery systems.

Experimental Section

Materials : For monolayer experiments, Milli-Q Millipore water with
a specific resistance of 18.2 MW cm was used. 1,2-Dioleoylphospha-
tidylethanolamine (DOPE) and all chemicals for the preparation of
buffers were obtained from Sigma–Aldrich (Germany). Deoxyribo-
nucleic acid (DNA) used in the monolayer experiments was pur-
chased from Sigma (Taufkirchen, Germany) and is a highly polymer-
ized natural product originating from calf thymus. The sample was
used without further purification. To minimize the danger of DNA
denaturation, all experiments have been performed at 20 8C and
only fresh solutions of 0.1 mm DNA containing 1 mm NaCl were
used. Sodium chloride (obtained from Fluka) for the DNA solution
was heated up to 600 8C to reduce the content of potential organic
impurities. The monolayer experiments were performed either on
citric buffer containing 50 mm C6H8O7 and adjusted to pH 4 with
NaOH, or on 10 mm Tris buffer, pH 8, containing 50 mm NaCl.

Synthesis of Compounds CI and CII : A keystep in the synthesis of
the new cationic lipids was the preparation of 2-tetradecylhexade-
canoic acid. This compound was synthesised by a double alkylation
reaction of malonic acid ester with tetradecyl bromide followed by
saponification and decarboxylation. The preparation of the mono-
tetradecyl malonic acid ester was realized according to a published
method.[32] The crude tetradecyl malonic acid ester was purified by
column chromatography using silica gel 60 and heptane/ether as
eluent. In a second step the purified ester, after deprotonation
with sodium hydride, was alkylated again with tetradecyl bromide
using xylene as solvent in a modified procedure of Breusch et al.[33]

Saponification of the ester with potassium hydroxide in 95 % etha-
nol leads to the corresponding ditetradecyl malonic acid which
was afterwards heated up to 150 8C yielding the crude 2-tetrade-
cylhexadecanoic acid. The purification of the branched fatty acid
was performed by column chromatography using silicagel 60 and
heptane/chloroform as eluent. The structure and purity of the acid
was checked by mass spectrometry and 1H NMR spectroscopy: M-ACHTUNGTRENNUNG(C30H60O2) = 452.8 g mol�1; m.p. 63–64 8C; 1H NMR (CDCl3, 400 MHz):
d= 0.88 (2t, 6 H, �CH3), 1.2–1.36 (m, 44 H, chain), 1.48 and 1.66
(2 m, 4 H, [�CH2�CH�CH2�]), 2.25 (m, 1 H, [�CO�CH=]), 10.9 ( m,
1 H, �OH) ; MS (70 eV): m/z (%): 452 (30) [M+] , 484 (56) (M+�C2H4,
�C12H24,). The carboxylic group of the branched fatty acid was
then transformed into CI and CII via acid chloride by reaction with
the corresponding amines: 2.5 mmol (1.0 g) of 2-tetradecylhexade-
canoic acid were poured into 5 mL thionylchloride. The mixture
was allowed to stand overnight at room temperature resulting in a
clear solution which was then evaporated to remove the remaining
thionyl chloride. For further purification the crude acid chloride
was dried in vacuum over potassium hydroxide. The acid chloride
was then dissolved in 10 mL dry chloroform. Mixtures of 25 mmol
(2.58 g) bis(2-aminoethyl)amine and 2.5 mmol (0.25 g) triethyla-
mine (for compound CI), respectively, 25 mmol (3.6 g) tris(2-amino-
ethyl)amine and 2.5 mmol (0.25 g) triethylamine (for compound
CII) in 10 mL dry chloroform were dropped into the acid chloride
solution with stirring and cooling in an ice bath. The mixture was
stirred 2 h at room temperature and poured into crushed ice. The
organic layer was separated, washed with water and dried over
sodium sulphate. The solvent was evaporated and the crude prod-
uct crystallized from heptane. The compounds were characterized
by electrospray mass spectrometry (ESI-MS), elemental analysis and
1H NMR spectroscopy.

CI : C34H71N3O, 537.93 g mol�1; m.p. 96–99 8C; ESI-MS m/z : 539 [M+

+ H], calcd. : C 75.91, H 13.30, N 7.81; found: C 76.35, H 13.20, N
7.11; 1H NMR (400 MHz, CDCl3): d= 0.84 (m, 6 H, 2 ACHTUNGTRENNUNG[CH3ACHTUNGTRENNUNG(CH2)13�]),
1.2–1.5 (m, 54 H, 2 ACHTUNGTRENNUNG[CH3 ACHTUNGTRENNUNG(CH2)13, [H2N�]), 2.62–2.67 (m, 4 H,

Figure 12. In vitro transfection efficiencies of lipids CI and CII in LLC PK1
cells using DOPE as co-lipid (at a lipid/DOPE molar ratio of 1:1) Microunits of
b-Galactosidase related to the cell protein concentration were plotted versus
the liposome to DNA (� ) charge ratios. The transfection values shown are
the average of five experiments carried out on three different days.

Figure 13. MTT-based cellular cytotoxicities of lipids CI and CII in LLC PK1
cells using DOPE as co-lipid (at a lipid/DOPE molar ratio of 1:1). The percent
cell viability is plotted versus the liposome/DNA (� ) charge ratio. The cell vi-
ability values shown are the average of five experiments carried out on
three different days. Statistical analyses were carried out with p<0.05, one
way ANOVA and Bonferoni’s multiple comparison tests.

ChemPhysChem 2009, 10, 2471 – 2479 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemphyschem.org 2477

Cationic Lipid/DNA Complexes

www.chemphyschem.org


[H2NCH2CH2NH�] ,[-HNCH2CH2NH�]), 2.78–2.88 (m, 2 H,
[H2NCH2CH2NH�]), 3.0–3.08 (m,1 H, [�CH�]), 3.38–3.40 (m, 2 H,
[�NHCH2CH2NHCO�]), 4.1–4.2 (m, 2 H, 2 ACHTUNGTRENNUNG[�NH�]), 6.50–6.55 (m, 1 H,
[�NHCO�]).

CII : C36H76N4O, 581.02 g mol�1; m.p. 73–75 8C; ESI-MS m/z : 582 [M+

+ H], calcd. : C 74.42, H 13.18, N 9.64; found: C 74.32, H 13.11, N
9.70; 1H NMR (400 MHz, CDCl3): d= 0.85 (t, 6 H, 2 ACHTUNGTRENNUNG[CH3ACHTUNGTRENNUNG(CH2)15�]),
1.21–1.57 (m, 64 H, 2 ACHTUNGTRENNUNG[CH3ACHTUNGTRENNUNG(CH2)15�] , 2 ACHTUNGTRENNUNG[H2N�]), 2.00–2.14 (m, 4 H,
2[H2NCH2CH2�]), 2.53–2.58 (m, 4 H, 2[H2NCH2CH2�]), 2.78 (t, 2 H,
[�NCH2CH2NH�]), 3.13–3.20 (m, 1 H, [�CH�] , 3.29–3.34 (m, 2 H,
[�NCH2CH2NH�]), 7.06 (s, 1 H, [�CONH�]).

Monolayer Experiments: For monolayer experiments, 1 mm stock
solutions of each cationic lipid were prepared in chloroform
(Merck, Germany; purity>99.8 %). The necessary amount of the
corresponding solution was placed onto the air/water interface by
a microsyringe and allowed to relax for 10 min before compression
for complete evaporation of the solvent. If DNA was present in the
aqueous solution, the monolayer on the interface was incubated
for one hour before experimental data were collected. The pres-
sure/area (p–A) isotherms were recorded during compression of
the monolayer on the computer-interfaced Langmuir trough (R&K,
Potsdam, Germany). The compression rate of the films was approx-
imately 2 �2 molecule�1 min�1. The setup is equipped with a Wilhel-
my balance to measure the monolayer surface pressure p and has
a temperature control system. The subphase temperature was
maintained at 20 8C with an accuracy of �0.1 8C. Each film balance
measurement was repeated at least five times and all recorded iso-
therms showed a good reproducibility.

X-ray Experiments: Grazing incidence X-ray diffraction (GIXD) and
specular X-ray reflectivity (XR) measurements were performed
using the liquid surface diffractometer (undulator beamline BW1)
at HASYLAB, DESY, Hamburg, Germany.[34–38] The Langmuir trough
is located in a thermostated, tightly closed and He-flashed contain-
er. A monochromatic beam (l= 1.304 �) from a beryllium (002)
crystal strikes the water surface at an angle of 0.118 equal to 85 %
of the critical angle of total external reflection of water for this X-
ray wavelength. A linear position sensitive detector (PSD) (OED-
100 m, Braun, Garching, Germany) with a vertical acceptance 0<
Qz<1.27 ��1 was used for recording the diffracted intensity as a
function of both the vertical [Qz� ACHTUNGTRENNUNG(2p/l) sin(af)] and the horizontal
[Qxy� ACHTUNGTRENNUNG(4p/l) sin(V)] scattering vector components. af is the vertical
and 2V is the horizontal scattering angle. The horizontal resolution
of 0.008 ��1 was determined by a Soller collimator mounted in
front of the PSD. The accumulated position-resolved counts were
corrected for polarization, effective area and Lorentz factor. Model
peaks taken as a Lorentzian in the in-plane direction and a Gaussi-
an in the out-of-plane direction, respectively, were least-square
fitted to the measured intensities. If DNA adsorbs to a Langmuir
monolayer and forms a one-dimensional periodicity, a diffraction
peak ascribable to DNA lateral ordering appears at low Qxy

values.[39] Assuming that DNA adsorbs to the lipid monolayer as
aligned cylinders, it is possible to calculate the lattice spacing
(dDNA) as a distance between neighboring DNA helixes by d = 2p/
Qxy, where Qxy is the maximum of the Lorentz curve.

Using a NaI scintillation detector, the X-ray reflectivity was meas-
ured as a function of the vertical incidence angle, ai, with the ge-
ometry, ai =af =a, where af is the vertical exit angle of the reflect-
ed X-rays. The incidence angle, ai, was varied in the range 0.058–
58, corresponding to a range of 0.01–0.85 ��1 of the vertical scat-
tering vector component Qz = (4p/l)sin(a). The background scatter-
ing from, for example, the subphase was measured at 2qhor = 0.78
and subtracted from the signal measured at 2qhor = 08. The X-ray

footprint area on the sample is inversely proportional to the inci-
dent angle of the X-rays.[40–41] Irrespective the usual phase problem
of X-ray crystallography, the normalized reflectivity, R(Qz)/RF(Qz),
where RF(Qz) is the Fresnel reflectivity from an ideal smooth sur-
face, can usually be inverted to yield the laterally averaged elec-
tron density, 1(z), as a function of the vertical z coordinate. The in-
version of R(Qz)/RF(Qz) to yield 1(z) can be performed either by a
model-independent method or by using a box model based on
the molecular structure.[42–47] The model-free method is based on
writing 1(z) in terms of cubic-spline functions 1(z) =�aiBi(z), where
i changes from 1 to N and N is determined by the accessible Qz

range via the sampling theorem, and least-squares fitting a profile
for agreement between the corresponding model reflectivity and
the measured reflectivity. Subsequently, the obtained electron den-
sity profile has to be chemically interpreted by applying prior infor-
mation such as the surface area of the molecule and constraining
the number of electrons in the different parts of the monolayer
molecules.

Especially for heterogeneous monolayers, one has to keep in mind
that the reflectivity is an average over the footprint area. XR pro-
vides information about an average structure projected onto the
vertical z axis and contains also contributions from the subphase.
In contrast, GIXD experiments probe only the parts of a monolayer
with crystalline order.

Preparation of Liposomes: A chloroform solution of the pure cati-
onic lipid (CI or CII) was combined with a chloroform solution of
DOPE (BioChemica�). The mixtures were dried under reduced pres-
sure to remove the chloroform, and the dried film was vacuum de-
siccated for 3 h. The lipid film was dissolved in distilled water at
room temperature to a final concentration of 2 mg lipid per millili-
ter sample. The film was allowed to swell in a water bath at 45 8C
for at least 15 min. Subsequently, the lipid formulations were vor-
texed and sonicated to clarity in a bath sonicator.[48–50] The samples
were stored in the refrigerator at 4 8C before use.

Cells and Plasmid: LLC PK1 cells (ATCC� CL-101) were cultured in
75 cm2 tissue culture flasks in Medium 199 (Gibco�BRL) adjusted to
contain 2.2 g L�1 sodium bicarbonate, 10 % fetal bovine serum
(FBS) and 0.05 mg mL�1 gentamycine at 37 8C and 5 % CO2.[51] The
cells were grown confluent and were regularly split twice a week.
Only cells that had undergone fewer than 30 passages were used
for transfection and MTT experiments. pCMV Sport b-Gal (Gib-
co�BRL) was isolated from Escherichia coli DH5a (Invitrogene life
technologies) using a Quiagen plasmid mega kit (Quiagen�) fol-
lowing the manufacturer’s instructions.[52] DNA with an OD260/
OD280 = 1.94 was used for the experiments.

Transfection Biology and Toxicity Assay: 24 h before transfection,
cells were seeded into a 96 well plate at 1·104 cells/well. Lipoplex
mixtures were prepared by combining plasmid DNA (0.1 mg per
well) with varying amounts of cationic liposome suspension in
plain Medium 199 (Gibco�BRL). The samples were incubated for
15 min at room temperature (total volume up to 40 mL/well). The
charge ratios (� ) were varied from 0.5:1 to 2:1. During this time,
cells were washed once with phosphate-buffered saline (PBS). The
complexes were then added to the cells. After 4 h of incubation,
60 mL of Medium 199 was added to the cells in a way that the final
concentration of FBS reached 10 %. The medium was refreshed
after 24 h and the reporter gene activity was estimated after 48 h.
For that, the cells were washed with phosphate buffered saline
(PBS), lysed for 15 min in lysis buffer (5 mm Chaps in 50 mm Hepes
buffer). The solution was taken out of the wells, reunited in safe-
lock tubes (Eppendorf�), centrifuged and stored on ice. It was pi-
petted again in a 96 well plate and substrate solution
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[1.33 mg mL�1 of o-nitrophenyl-b-galactopyranoside (ONPG), 2 mm

MgCl2, 100 mm b-mercaptoethanol in 0.2 m sodium phosphate,
pH 7.3] was added and incubated for 30 min at 37 8C. The reaction
was stopped with 1 m sodium carbonate. Absorption at 405 nm
was converted to b-galactosidase units using a calibration curve
obtained with pure commercial b-galactosidase enzyme.[53] Protein
concentration was detected with bichinonic acid reaction.[54] Ab-
sorption at 570 nm was converted by using a calibration curve
from bovine serum albumin.
Cytotoxicities of the liposomes were assessed by the 3-(4,5-dime-
thylthiazol-2-yl)2,5-diphenyltetrazolium bromide (MTT) reduction
assay.[55] The cytotoxicity assay was performed as the transfection
described above. MTT was added after refreshing the medium
(24 h after addition of the samples). The results were expressed as
percent viability = ([A540(treated cells)�background]/ACHTUNGTRENNUNG[A540(untreated
cells)�background])·100. All experiments were carried out six
times. Every experiment was repeated three to five times on differ-
ent days.

Size Measurements: The sizes of liposomes and lipoplexes were
measured in distilled water by photon correlation spectroscopy on
a HPPS-ET (Malvern, U.K.) with sample refractive index of 1.25 and
a viscosity of 0.8872 N·s m�2 at 25 8C. Lipoplexes were measured
with 2.5 mg DNA per milliliter following the same protocol used for
transfection experiments. The z average and PDI were calculated
by using the automatic mode. Every sample was measured using
three spectroscopic runs consisting of 10 consecutive scans (each
of 10 s duration).

Stastical Analysis: All measurements for in vitro experiments were
collected (n = 3–5) and expressed as means� standard deviation.
One-way ANOVA was used in conclusion with Bonferoni’s multiple
comparison test to assess the statistical significance.
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