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Based on previous work, the influence of the chain composition on the physical-chemical properties of
five new transfection lipids (TH10, TT10, OH10, OT10 and OO10) containing the same lysine-based head
group has been investigated in aqueous dispersions. For this purpose, the chain composition has been
gradually varied from saturated tetradecyl (T, Cis.0) and hexadecyl (H, Cig.0) chains to longer but
unsaturated oleyl (O, Cig.1) chains with double bonds in the cis configuration. In this work, the lipid
dispersions have been investigated in the absence and presence of the helper lipid DOPE and calf
thymus DNA by small-angle and wide-angle X-ray scattering (SAXS/WAXS) supplemented by differential
scanning calorimetry (DSC), attenuated total reflection Fourier-transform infrared spectroscopy (ATR-FTIR)
and Fourier-transform Raman spectroscopy (FTRS). Lamellar and inverted hexagonal mesophases have been
observed in single-component systems. In the binary mixtures, the aggregation behaviour changes with an
increasing amount of DOPE from lamellar to cubic. The lipid mixtures with DNA show a panoply of
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mesophases. Interestingly, TT10 and OT10 form cubic lipoplexes, whereas OO10 complexes the DNA

rsc.li/pccp sandwich-like between lipid bilayers in a lamellar lipoplex. Surprisingly, the latter is the most effective lipoplex.

Open Access Article. Published on 21 May 2018. Downloaded on 3/20/2026 3:32:40 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

1. Introduction

The concept of gene therapy requires efficient delivery of
polynucleotides into biological tissue or cells - the so called
gene transfection." Three decades after the first reported lipid-
mediated transfection by Felgner et al. in 1987, the performance
of cationic lipid-based non-viral DNA vehicles is still
insufficient.”> Therefore, our research goal is to relate the
structure of newly synthesised malonic acid diamide lipids to
their physical-chemical properties in 2D and 3D model systems
in the absence and presence of DNA and to correlate such data
with the biological activity in different cell lines. This work is the
continuation of our previous investigations using five lipids
containing different alkyl chain patterns but the same small head
group type 10 in 2D model systems (Langmuir monolayers).®
TT10, TH10, OT10, OH10 and OO10 are lysine-based amino-
functionalized peptide-mimicking lipids, which were synthesised
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as non-viral carriers for gene transfection (Fig. 1). The hydro-
phobic lipid domain changes gradually from short and saturated
tetradecyl (T = Cy4,0) to longer saturated hexadecyl (H = C;¢,) and
finally to unsaturated oleyl (O = Cy5,4) chains.

The oleyl chain was introduced for two reasons. First, because
it is known for high transfection efficiency, and second, it
ensures a sufficient miscibility with the commonly used helper
lipid DOPE with oleyl chains in the cis configuration.*>

head group
° type 10 TT10: | R, tetradecyl (Cy4, T) = tetradecyl (Cy4, T)
@NJ’\_/\/\/NHz TH10: | R, = tetradecyl (Cy0, T) = hexadecyl (Cy5.0, H)
H HN_ o oT10: oleyl (Cyg.y, O) = tetradecyl (Cy4, T)
fo) OH10: oleyl (Cyq.4, 0) = hexadecyl (Cy4.0, H)
HN\/\NHZ 0010: oleyl (Cyq.1, O) = oleyl (Cyg.4, O)

Fig. 1 Chemical structures of N-(2-aminoethyl)-N’-[6-amino-1-oxo-1-
[(N-tetradecylamino)hexan-(25)-2-yl]]-2-tetradecylpropandiamid TT10, N-(2-
aminoethyl)-N’-[6-amino-1-oxo-1-(N-tetradecylamino)hexan-(25)-2-yl]-2-
hexadecylpropandiamide TH10, N-(2-aminoethyl)-N’-{6-amino-1-[N-(92)-
octadec-9-enylamino]-1-oxohexan-(25)-2-yl}-2-tetradecylpropandiamide
OT10, N-(2-aminoethyl)-N’-{6-amino-1-[N-(92)-octadec-9-enylamino]-
1-oxohexan-(25)-2-yl}-2-hexadecylpropandiamide OH10 and N-(2-amino-
ethyl)-N’-{6-amino-1-[N-(92)-octadec-9-enylamino]-1-oxohexan-(25)-2-
yl}-2-[(92)-octadec-9-enyllpropandiamide OO10.
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In general, the insertion of one cis double bond decreases
the gel to liquid-crystalline phase transition temperature. Further,
it can promote the formation of an inverted non-lamellar phase.
This effect strongly depends on the position of the cis double bond
along the chain. In an oleyl chain, the double bond is in the
middle of the chain, where this effect reaches its maximum.®
DOPE, dispersed in water, forms an inverted hexagonal structure
at room temperature. The gel to liquid-crystalline phase transition
is at around —8 °C, while the L, to Hy; transition occurs at around
10 °C.”° Adding DOPE to the transfection lipids is believed to
promote the formation of inverted hexagonal structures, which
rapidly fuse with the endosomal bilayer and allow the release of
DNA with high efficiency.”'*""

Varying the chain composition of these transfection lipids
also changes the length and symmetry of the aliphatic chains.
The increase in chain length results in stronger van der Waals
interactions. Strong asymmetry within the hydrophobic domain
of lipids lowers the gel to liquid-crystalline phase transition
temperature due to disturbed van der Waals interactions. A
sufficient asymmetry in the chain length tends to induce chain
interdigitation in bilayers.®'?

The malonic acid/lysine backbone of TT10, TH10, OT10,
OH10 and OO10 is biocompatible. Due to this backbone the
lipids exhibit a peptide-mimicking character. Head group 10 has
a linear ethylene diamine spacer and two primary amine groups
(Fig. 1). Going from TH10 to 0010, the pK, value increases from 5
to 5.6, indicating that the readiness to act as proton donors
decreases with increasing chain fluidity."* This can also influence
the interaction with DNA (pK, = 9.6 for guanine and pK, = 10.5 for
thymine)."*

In the present paper, the physical-chemical properties of
these lipids (Fig. 1) have been examined in aqueous dispersions
regarding phase transitions and structures in the absence and
presence of DOPE and DNA. The focus is set on the lipoplex
morphology and the resulting transfection performance, in
particular the transfection efficiency and cytotoxicity. Consequently,
this article gives information on how it is possible to adjust the
physical-chemical parameters of lipoplexes by directed variation of
the alkyl chain pattern.

2. Materials

2.1. Experimental details

The synthesis and the analytical data of TT10, TH10, and OT10"*
as well as 0010"* and OH10® have already been described. The
lipids containing an oleyl chain have been synthesized from
oleylamine with technical grade.'® The zwitterionic phospholipid
DOPE (Cy,H,sNOgP, 744.03 g mol ') was purchased from Avanti
(Avanti Polar Lipids, Inc., Alabaster, USA) and was used without
further purification. Milli-Q Millipore water with a specific resistance
of 18.2 MQ cm was used for all measurements and sample
preparation. All chemicals used for the preparation of the buffer
were purchased from Sigma Aldrich. The bromide containing
buffers had a constant concentration of bromide anions (2 mM)
and result from comparison with TRXF experiments using
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monolayers at the liquid-air interface."”® pH 10 was obtained
by using piperazine (pK,; = 5.7, pKa, = 9.8). The carbonate
buffer (K,CO;) had a constant concentration of 5 mM for SAXS
and WAXS and 10 mM for DSC experiments. pH 10 was
adjusted with HCI (pK, = —3). The citrate buffer (CgH,NaO,)
had a constant concentration of 5 mM, and pH 4 was obtained
by adding NaOH (pKp, = 0.2). The deoxyribonucleic acid sodium
salt from calf thymus (>13 kbp) was purchased from Sigma
Aldrich (type 1, CAS: 73049-39-5). A solution of 2 mg mL ™"
ct-DNA was freshly prepared in 1 mM NaCl solution by gently
stirring at 5 °C overnight. The molar mass of DNA refers to a
monomer containing one charge per phosphate moiety with
10% of hydration (M ~ 370 g mol™")."”

To obtain the desired lipid/DOPE mixtures, the lipids and
DOPE were dissolved in chloroform/methanol (9:1 v:v) or
(8:2 v:v) to a final concentration of 1 mM. Then, the lipids
and helper lipids were mixed in the desired ratios. The organic
solvent was evaporated under a nitrogen stream, and the film
was dried in a desiccator under vacuum for 12 h. The lipids and
lipid/DOPE mixtures were dispersed in the aqueous medium to
a final concentration of 200 mg mL ™" (20 wt%) (A2 at DESY) or
100 mg mL ™" (10 wt%) (ID02 at ESRF) for the X-ray investigations
and 1 mg mL ™" (0.1 wt%) for the DSC experiments. The lipid/
DOPE/DNA samples were prepared by adding 2 mg mL ™" calf
thymus DNA solution to the lipid mixture in the corresponding
N/P ratio (the ratio of primary amines of the cationic lipids to
phosphate of the DNA). The lipid dispersions were vortexed,
sonicated and heated above the gel to liquid-crystalline phase
transition temperature several times. In the case of the lipoplexes,
the samples were not heated above 50 °C and only vortexed to
avoid the denaturation of DNA. All samples were sealed in glass
capillaries for X-ray experiments with an inner diameter of
1.5 mm, a wall thickness of 0.01 mm and a length of 80 mm
(GLAS Miiller, Berlin, Germany). The SAXS and WAXS samples
were stored for 7 to 10 days at 5 °C before the measurements.

pCMV-GFP plasmid DNA (348 bp) was purchased from
PlasmidFactory (Bielefeld, Germany). A549 (human lung carcinoma),
HeLa (human cervix adenocarcinoma epithelial), and LLC-PK1 (pig
kidney epithelial) cells were acquired from the German Collection of
Microorganisms and Cell Cultures (DSMZ, Braunschweig, Germany).
Cell culture media and fetal bovine serum (FBS) were supplied
by Biochrom (Berlin, Germany). AlamarBlue® was purchased
from ThermoFisher (Waltham, MA, USA).

3. Methods

3.1. Differential scanning calorimetry (DSC)

The DSC measurements were performed using a VP-DSC (Micro-
Cal Inc. Northampton, Massachusetts, USA) with a heating rate of
60 Kh " or 20 K h™ " in a temperature range from 2 °C to 95 °C. To
ensure reproducibility, several heating and cooling cycles were
recorded and the first scan was neglected. The reference cell was
filled with buffer. For baseline correction, the buffer-buffer base-
line was subtracted from the thermograms of the samples. The
DSC scans were evaluated using MicroCal Origin 8.0 software in

This journal is © the Owner Societies 2018
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order to estimate the lipid phase transition temperature 7;, and
the corresponding change in enthalpy AH,,,. The peak maximum
of heat flow curves yields Ty, while the area A under the peak can
be correlated to the enthalpy change AH,,,.

3.2. Fourier-transform Raman spectroscopy (FTRS)

Raman spectra were recorded using a Bruker Fourier-transform
infrared spectrometer RFS 100/S (Bruker Optics GmbH, Ettlingen,
Germany). As an excitation source a diode pumped Nd:YAG laser
emitting radiation at 1064 nm was used. The spectra were
recorded with a power of 500 mV and a resolution of 4 cm™".
200 scans were taken for each spectrum. 50 mg lipid, hydrated
with 500 pL water, was placed in a Norell® glass tube, originally
produced for NMR spectroscopy, and spectra were measured in a
temperature range between 25 °C and 98 °C. The sample was
allowed to equilibrate for 5 minutes. The Bruker software
package OPUS was used for data evaluation.

3.3. Attenuated total reflection Fourier-transform infrared
(ATR-FTIR) spectroscopy

Lipid suspensions (70-100 mg mL™", 7-10 wt% in D,0) were
analysed using a Bruker BioATR2 unit with a Bruker Tensor27
FTIR spectrometer (Bruker Optics GmbH, Ettlingen, Germany).
Single-channel IR spectra were recorded between 5000 and
900 cm ™' using unpolarized IR light with a resolution of 2 cm™".
The temperature, in the range from 35 to 85 °C (AT = 2 K), was
adjusted with a Haake Pheonix II thermostat (C25P, Thermo
Electron Corporation, Karlsruhe, Germany) and controlled with
Delphi-based home-written software. After an equilibration time
of 8 min, 64 scans were recorded and accumulated. As a
reference, single-channel IR spectra (64 scans), taken from pure
D,0 at the appropriate temperature, were used and subtracted
from the corresponding sample spectra using the Bruker OPUS
software.

3.4. Small-angle and wide-angle X-ray scattering (SAXS and WAXS)

Small-angle and wide-angle X-ray scattering data were obtained
at the Soft Condensed Matter Beamline A2'2* at HASYLAB
(DESY, Hamburg, Germany) and the High Brilliance Beamline
ID02>* (ESRF, Grenoble, France).

Soft condensed matter beamline A2 (DESY, Germany). SAXS
data were recorded by a MAR CCD (Charge-Coupled Device)
detector (Evanston, Illinois, USA), and wide-angle diffraction
patterns were obtained by a linear detector with delay-line
readout. The sample was exposed for 30 s to the incoming
X-ray beam (photon energy 8 keV, 4 = 1.55 A). The whole path of
the beam before reaching the detectors was in vacuum except
the short distance towards the sample holder. The copper
sample holder was connected to a temperature controller JUMO
IMAGO 500 (JUMO GmbH & Co. KG, Fulda, Germany) to ensure a
constant temperature during the experiment and allow temperature
variations in order to observe phase transitions. After each heating
step, 5 min were given to establish a thermodynamic equilibrium in
the sample. Cooling was done by a flow of cold air. The beam size
was determined by four sets of slits. The beam at the sample
position was about 2 mm wide and 0.5 mm high. For SAXS and
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WAXS calibration, dry rat tail collagen and poly(ethylene
terephthalate), respectively, have been used.

High brilliance beamline ID02 (ESRF, France). The energy of
the incident X-ray beam was 12.5 keV (1 = 0.995 A), the beam
size was about 100 x 100 um® and the sample-to-detector
distance was 1.2 m. The sealed glass capillaries containing the
lipid dispersions were well-positioned in a Peltier controlled
automatic sample changer. Small-angle X-ray scattering patterns
were collected by a 4 FT-CCD detector (Rayonix MX-170HS). For
SAXS, a g range from g = 0.006 A~" to g = 0.65 A~" with a detector
resolution of 3 x 10™* A~ (FWHM) was used. WAXS data were
obtained in a range from g = 0.72 A~ to ¢ = 5.1 A™*. To avoid
radiation damage, each sample was measured with ten frames
with an exposure time of 0.05 s per frame. For data analysis, the
average of all ten frames was used. The collected 2D powder
diffraction spectra were treated with SAXS utilities (macros in
MATLAB) and analysed in Origin 8.6. The SAXS/WAXS data were
corrected for the empty sample holder and bulk solution. The
angular calibration of the SAXS detectors was performed using
silver behenate powder as in ref. 24, for the WAXS detector
(Rayonix LX-170HS) para brombenzoil acid was used.”® The
temperature was adjusted with a Huber Unistat thermostatic
bath with an accuracy of +0.1 °C.

The real-space repeating distance d of the lattice planes was
calculated from the position of the first diffraction peak by
using eqn (1). The Bragg peaks were fitted with the Lorentzian-
function.

d:*Z; 1)

3.5. Transfection experiments

GFP assay. Cells were cultured in 75 cm” tissue culture flasks
in Dulbecco’s modified eagle medium (DMEM) adjusted to
contain 4.5 mg mL ™" glucose supplemented with 10% FBS at
37 °C and 5% CO,. The cells were grown ~90% confluent and
were passaged three times a week, and cells within passage
numbers 10-30 were used. Cells were seeded onto 96-well
plates at a density of 10000-11 000 cells per well 24 h before
transfection. Cells were washed once with PBS buffer (pH 7.4)
containing Ca®* and Mg>". Lipoplexes were added to the cells
(0.1 pg DNA per well) and the wells were filled up with DMEM
containing 10% FBS to the final volume of 100 pL per well. After
2 h, the cells were washed twice with PBS, and 100 pL PBS was
added. The eGFP fluorescence was measured using a POLARstar
OMEGA (BMG Labtech, Offenburg, Germany) with a BMG 10 filter
(Aabs = 485 nm, Ay, = 520 nm) with a fixed gain. The transfection
efficiency is auto-fluorescence corrected and represented in relative
fluorescence units (RFU) normalised to the cell count.

AlamarBlue assay. The cytotoxicity assay was performed
parallel to the transfection efficiency using the same procedure
for cultivation and transfection. After the performed eGFP assay,
the PBS was removed and 100 uL of a 2% alamarBlue®/PBS
solution was added to every well. The plates were incubated for
1 h at 37 °C and 5% CO,. The fluorescence signal was measured
using a POLARstar OMEGA (BMG Labtech, Offenburg, Germany)
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Fig. 2 DSC curves of lipid dispersions (1 mg mL™, scanning rate was 20 K h™%) in water or carbonate buffer (10 mM, pH 10). The curves were shifted

vertically for clarity.

with a BMG 10 filter (Aex = 544 nm, Jey = 590 nm) using a
fixed gain.

4. Results and discussion

4.1. Phase behaviour of the synthesised cationic lipids

4.1.1. Differential scanning calorimetry (DSC). The thermo-
tropic phase behaviour of the five lipids dispersed in water was
determined by DSC. Water saturated with CO, has a pH value of
approximately 5.8. The thermograms are presented in Fig. 2.
0010 has no distinct phase transition peak in the observed
temperature range, but an increase of the heat capacity between
70 °C and 80 °C was observed, comparable to a glass transition
temperature. The reversed process was seen in the cooling scan.
The other four lipids show clear phase transition peaks in the
heating and cooling scans which will be discussed in detail (see
data Table 1).

A clear dependence of the main transition temperature from
the alkyl chain pattern was observed. TH10 has the highest
phase transition temperature at 89.5 °C. The replacement of the
hexadecyl chain by a tetradecyl chain (TH10 — TT10) results in
a decrease of Ty, by 2.9 K to 86.6 °C. The enthalpy values of the
main transition of both lipids and the observed hysteresis are
comparable (see Table 1). If the lysine bound tetradecyl chain
was exchanged by an oleyl chain (TH10 — OH10, TT10 —
OT10) the main transition was shifted to lower temperatures by
either 23.2 K or 21.4 K. Furthermore, the transition becomes
broader and the enthalpy decreases by ~18 kJ mol ' (see
Table 1). Additional transitions with lower enthalpy can be seen
above the main transition (see Fig. 2 and Table 1). This is most
probably an effect of the saturated components in the oleyl chain
of technical grade.'® Very noticeable is the pronounced hysteresis

17396 | Phys. Chem. Chem. Phys., 2018, 20, 17393-17405

Table 1 Main transition temperatures (T,,,) and corresponding transition
enthalpies (AH) as well as additional transition peaks and hysteresis
between heating and cooling (see Fig. 2). n.d. means that the enthalpy
values were not determined because of sample precipitation

Additional peaks/

Tm ['C] AH Tm [°C] Hysteresis shoulder in heating
Lipid heating [kJ mol '] cooling [K] scan [°C]
In water (pH ~ 5.8)
TH10 89.5 27.8 70.8 18.7 92.2
TT10 86.6 29.1 67.6 19 —
OH10 66.3 9.8 49.1 17.2 78.9/85.3
OT10 65.2 11.2 49.6 15.6 77.2
In carbonate buffer (pH 10)
TH10 >95 n.d. 93 —
TT10 92.1 n.d. 88.4 3.7 34.8
OH10 81.8 n.d. 69.5 12.3
OT10 81.6 n.d. 72.1 9.5

(up to 19 K) between T,,, in the heating and cooling scans. Such
pronounced hysteresis effects can be found in lipid bilayers
stabilized by hydrogen bond networks.>®*” Hysteresis between
heating and cooling the sample indicates a kinetically hindered
formation of the ordered gel phase which could be connected
with the electrostatic repulsion between the protonated head
groups and the formation of a highly ordered hydrogen bond
network.

DSC experiments were also performed in carbonate buffer
pH 10 (Fig. 2). The evaluation of these curves is more difficult
because the samples tend to form cloudy precipitates. There-
fore, the transition enthalpies have not been estimated because
of the precipitation of lipid aggregates leading to some loss of
material (sticking to the glass wall ezc.). The precipitate formation
is a result of the uncharged head groups (deprotonation of
ammonium ions to primary amines) due to the high pH. Another
effect of the pH induced shift of the ammonium/amine equilibrium

This journal is © the Owner Societies 2018
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Fig. 3 Raman experiments of TH10 dispersed in water. (A) Wavenumber of the symmetric CH, stretching mode and relative intensity /(2953 cm™?)/
/(2882 cm™Y) vs. temperature. (B) Temperature dependence of the C—H stretching mode region. The curves are shifted vertically for clarity.
(C) Temperature dependence of the amide | band region. The curves are shifted vertically for clarity. (D and E) Deconvolution of the amide | band at
83 °C (D) and 25 °C (E) by three Gaussian functions. The three bands are assigned to amides in different hydrogen bonded states. The red arrows indicate
the changes induced by the temperature increase from 25 °C to 83 °C. The maximum of the band at around 1665 cm™ shifts to higher wavenumbers,

and the band at around 1650 cm™* decreases in intensity.

to the uncharged amine form is the increase of the phase transition
temperature compared to the measurements in water (Table 1). A
second effect is the decrease of the hysteresis between the heating
and cooling scans (Table 1). This means the formation of the gel
state is less kinetically hindered due to the disappearance
of electrostatic repulsions between the lipids. Furthermore,
an additional weak transition occurs at ~35 °C for TT10 in
carbonate buffer, whose origin is yet unknown (see Fig. 2).

4.1.2. Attenuated total reflection Fourier-transform infra-
red (ATR-FTIR) and Fourier-transform Raman spectroscopy
(FTRS). To get additional information about the phase transitions
determined by DSC, vibrational spectroscopic investigations were
performed in water. Due to the limitations of the experimental
setup, TH10 was investigated by Raman spectroscopy (50 mg
lipid, heating up to 98 °C, no cooling curves), while TT10, OT10
and OH10 were investigated by ATR-FTIR (5 mg lipid, 85 °C is
the upper limit, cooling curves can be measured). Therefore it
was mandatory to use the different methods for the different
lipids.

The symmetric methylene stretching mode gives information
about the alkyl chain conformation. Fig. 3A demonstrates a slight
increase of the maximum of the v5(CH,) band with increasing

This journal is © the Owner Societies 2018

temperature starting from 2846.5 cm ™" at 25 °C to 2848 cm ™ " at
80 °C. By a further increase of the temperature, a pronounced
increase of the wavenumber by 4 cm™" occurs between 85 °C and
95 °C. This sudden jump results from a drastic increase of the
amount of gauche conformers in the alkyl chains®® and thereby
indicates a gel to liquid-crystalline phase transition which
perfectly fits with the phase transition observed in the DSC
experiment (Table 1). Another possibility to determine phase
transitions from ordered alkyl chains to disordered phases is
the determination of intensity ratios in the C-H stretching
range.”>*° Fig. 3A demonstrates that the sudden increase of
the (2953 cm ")/1(2882 ¢cm™ ") ratio, which is indicative for
lattice disorder and intra-chain conformational disorder, matches
perfectly with the increase in wavenumber of the vs(CH,)
stretching mode. The corresponding intensities are determined
from the spectra presented in Fig. 3B. The amide I band (see
Fig. 3C), which is mainly composed of the C=0 stretching
modes of the amides, is sensitive to hydration and hydrogen
bonding.?! The formation of hydrogen bonds is connected with
a red shift (towards smaller wavenumbers). It was observed that
with increasing temperature the peak maximum slightly shifts
to higher wavenumbers and the shoulder at 1650 cm ™" slightly
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decreases in intensity, which is a hint of weakening the hydrogen
bond network (see Fig. 3D and E). With the phase transition the
amide I band shows a strong broadening and a pronounced
decrease in intensity, a behaviour which can be explained by the
strong increase of the hydration and the breakdown of the
hydrogen bond network.

The ATR-FTIR measurements give comparable information.
The pronounced increase of the position of the band maximum
of the symmetric stretching vibrational mode (Fig. 4, upper
panel) indicates a gel to liquid-crystalline phase transition®*??
connected with changes in the packing density.** TT10 exhibits
a pronounced increase above 80 °C, which fits with the phase
transition temperature determined by DSC (Table 1). OH10
shows an extended transition region from the gel to the liquid-
crystalline state between 60 °C and 70 °C, which again perfectly
matches with the DSC results showing a broad peak in this
temperature range (Fig. 2). A second increase in wavenumbers
can be seen at around 80 °C, indicating a second transition,
which is also supported by a second weak transition in the
corresponding DSC experiments (compare Fig. 2 and 4). Additionally
and concordant with the DSC, a hysteresis between 45 °C and 60 °C
has been observed between heating and cooling curves. However,
the transition occurs at higher temperatures on cooling the sample.
Lastly, OT10 shows a sudden increase in the v4(CH,) wavenumbers
between 70 °C and 80 °C, 5 K higher than the T;,, determined by
DSC, but in the range of the second transition in the calorimetric
experiment (compare Fig. 2 and 4). The hysteresis of 15 K is
comparable to the DSC experiments.

Further, the amide I band (see Fig. 4, lower panel) was
examined. This band is quite complex because different amide
groups are involved. Comparable to the Raman experiments,

A

View Article Online

PCCP

the amide I band gives information about hydrogen bond
formation.** The shoulder at 1620 cm ™" (the red arrow in the
heating scans in Fig. 4) indicates that there are amide functions
which belong to a hydrogen bond network, while the signals at
higher wavenumbers (the signal maximum and the second
shoulder at higher wavenumbers) are less involved in hydrogen
bonds.?” The intensity of the shoulder at 1620 cm ™" decreases
with increasing temperature indicating a loss of hydrogen
bonds. For OH10 and OT10, a decrease and broadening of
the amide I signal after the phase transition can be seen, which is
comparable to the observation made in the Raman experiments
for TH10. This seems to be an effect of the disorder in
lipid packing and the result of highly increased head group
solvation.

4.1.3. X-ray scattering (SAXS and WAXS). To additionally
get structural information, X-ray scattering experiments were
performed. In water and carbonate buffer (pH 10) at 25 °C, the
lipids TH10, TT10, OH10 and OT10 show Bragg peaks ina 1:2
ratio indicating a multi-lamellar structure (see Fig. 5A). In
agreement with the DSC, the SAXS pattern of 0010 is different.
Here, the Bragg peaks are in the ratio 1:,/3:2: /7, characteristic of
a hexagonal phase (see Fig. 5A). The parameters, obtained at 25 °C,
are summarized in Table 2. The characteristic repeating distance d
of lamellar phases, describing the thickness of a lipid bilayer with

1
an additional water layer, is obtained by d = ?n =< The theoretical

length of the single C, 4, chain (both chains of TT10) is 13 x 1.26 A
(all-trans CH,) + 1.46 A (-CH; terminus) = 17.8 A,***” consequently a
double layer of non-ilted chains should be ~36 A thick. Two
hexadecyl chains give ~41 A. The fluid oleyl chain is shorter than
Cia0 OF Cyg0 due to the cis-double bond in the middle. This

OH10 OoT10
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Fig. 4 ATR-FTIR measurements of TT10 (A), OH10 (B), and OT10 (C) dispersed in D,O. The upper panel shows the position of the maximum of the
symmetric methylene stretching vibrational mode during the heating and cooling scans as a function of the temperature. The lower panel presents the
amide | region of the infrared spectra during heating (left) and cooling (right) scans. Blue indicates the lower (starting with 35 °C) and red the higher
(starting with 85 °C) temperatures. The curves are shifted vertically for clarity.
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(A) Examples of SAXS patterns of lamellar (TH10) and hexagonal (OO10) mesophases of lipids (indicated) dispersed in water (20 wt%) at 25 °C. (B)

Temperature dependence of the lamellar repeat distance d and the lattice parameter a, respectively, for the lipids dispersed in water (20 wt%). TH10,
TT10, OH10, and OT10 form lamellar phases while O0O10 and DOPE form hexagonal lyotropic liquid crystals. SAXS (C) and the corresponding WAXS (D)
patterns of TH10 (black), OH10 (red) and OO10 (blue) at 25 °C as 10 wt% dispersions in bromide containing buffer (pH 10). The corresponding Miller

indices are given as humbers in brackets at the peaks.

calculation shows that only 17 A (TH10) and 20 A (TT10) remain for
two head groups and the water layer between the head groups
(dpotar (calc.), see Table 2). Possible reasons for such small
values could be chain interdigitation or a high chain tilt, both
leading to a smaller thickness of the hydrophobic part of the
bilayer and therefore to larger values of dpr (calc.). The
d-values of OH10 and OT10 are much larger indicating a larger
water layer between the lipid bilayers.

Table 2 SAXS parameters of lipid dispersions (20 wt%) in water (pH 5.8) at
25 °C. The parameter denain (calc.) is the calculated thickness of the two
longest alkyl chains in the all-trans conformation in a lipid bilayer with
untilted chains. The term dpoar (calc.) is calculated as d—dchain (calc.) and is
the theoretical residue for the head group plus water layer

Repeat Lattice
disgance dehain X dpolar . parameter
Lipid Mesophase d [A] (calc.) [A] (calc.) [A] a[A]
TH10  Lamellar 57.8 41 17 —
TT10 55.8 36 20 —
OH10 74.2 41 33 —
OT10 61.2 36 25 —
0010 Hexagonal —— — 56.5
DOPE — — 72

This journal is © the Owner Societies 2018

Upon heating (see Fig. 5B), the repeating distance of TH10
did not change significantly in the investigated temperature
range from 25-95 °C. Since the phase transition is at around 90 °C
(DSC and Raman), either the temperature in the X-ray experiments
was not high enough or during the gel to liquid-crystalline transition
the decrease of the hydrocarbon chain layer thickness (transition
from the trans to gauche conformation) is compensated for by an
increase of the thickness of the hydrophilic layer (water + head
groups). For TT10, a sudden increase of the d-value occurs between
90 °C and 95 °C in agreement with the phase transition around
87 °C observed by DSC. The dramatic increase in the d-value can
only be explained by a drastic increase of the water layer after the
alkyl chain melting. OT10 exhibits also a pronounced increase in
the d-value between 80 °C and 85 °C. This increase in the d-value
is not accompanied by the main but the smaller second phase
transition at 77 °C observed in DSC (compare Fig. 5B with
Table 1). OH10 shows a continuous increase of the repeating
distance between 25 °C and 75 °C which can be explained by an
increasing interfacial water layer or a change in the molecule
tilt. Between 75 °C and 80 °C, a pronounced increase in d by 63 A
occurs followed by a strong decrease (Fig. 5B). This behaviour
can only be explained by changes in the interfacial water layer.
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Table 3 Phase state, Bragg peak position, repeating distance d or lattice parameter a and cross-sectional area obtained from SAXS and WAXS
experiments of 10 wt% lipid dispersions of TH10, OH10, and OO10 in bromide containing buffer (pH 10) at 25 °C

Phase state g(001) [A™] d [A] g1 [A7Y] oz [A71] Ay [A%] Grr-bona [A] Geoca [A7Y]
TH10 Lﬁ’ 0.103 61.1 1.43 1.5 21.6 1.32 Shoulder ~1.6
OH10 Ly 0.116 54 1.47 1.39 21.9 1.29 Shoulder ~1.6

Phase state q(010) [Ail] a [A] q11 [Ail] qoz []\71] Ao [AZ] H-bond [Afl] qco-ca [10\71]
0010 H, 0.125 57.9 1.37 1.52 22.8 1.28 Shoulder ~1.6

Halo — molten chains

The hexagonal mesophase forming lipids show also temperature
dependent changes of the lattice parameter a (Fig. 5B). Since the
alkyl chains are in the fluid state, these changes can result from
changes in the hydration and therefore the interfacial water layer.
For 0010, the lattice parameter a slightly increases with increasing
temperature, while in the case of DOPE a decreases continuously.

Grazing incidence X-ray diffraction experiments using mono-
layers of the investigated lipids indicate a head group lattice
based on hydrogen bonds.? SAXS and WAXS measurements of
0010, OH10 and TH10 in bromide containing buffer at pH 10
were successfully performed (see Fig. 5C and D). The SAXS
experiments show a comparable mesophase structure to the
experiments in water with only slight to moderate variations in
the d and a values (compare Tables 2 and 3). The WAXS pattern
indicates a hydrogen bond network. In the WAXS pattern of
TH10 one broad signal composed of three Bragg peaks (Fig. 5D)
can be seen. The peak g = 1.32 A™* can be correlated to -N-
H- . -O=C- hydrogen-bonds, since the real spacing distance of
4.76 A is a typical value for the strand separation in a peptide
B-sheet structure due to hydrogen bonds.***° The other two
Bragg peaks, namely ¢;; = 1.43 A~ and ¢o, = 1.5 A™?, describe an
orthorhombic chain lattice. The cross-sectional area A, of the
chains is equal to ~21 A% Therefore, TH10 forms lamellar
aggregates with chains in the all-trans conformation (gel state).
In the case of OH10, the WAXS pattern is similar. The peak at
gu = 1.29 A™" can be associated with hydrogen-bonds, while the
other two Bragg peaks g,; = 1.47 A™* and g, = 1.39 A™* arise
from the orthorhombic chain lattice. In the orthorhombic unit
cell the chains have a large cross-sectional area A, of ~22 A2,
Hence, the exchange of a tetradecyl chain by an oleyl chain
increases the unit cell area.

Due to that fact that oleyl chains generally do not order at
ambient temperature, they should only cause diffuse scattering
(a broad halo in the WAXS pattern) indicating molten chains in
the gauche conformation. Surprisingly, OO10 exhibits distinct
signals in the WAXS region. The peak at g;; = 1.28 A" can be
correlated to -N-H- - -O—C- hydrogen-bonds between the head
groups. It is possible that an ordered structure in the head
group and/or backbone region is formed by an H-bond lattice.
The additional peaks at g;; = 1.37 A and go; = 1.52 A™* could be
connected with a chain lattice. Such a lattice might be caused
by traces of saturated alkyl chains present in the oleylamine
with a technical grade of purity.'® The latter hypothesis is
supported by the DSC thermogram of OO10 showing a weak
transition around the Ty, of OT10 and OH10.

17400 | Phys. Chem. Chem. Phys., 2018, 20, 17393-17405

Besides the distinct peaks, TH10, OH10 and OO10 show a
shoulder at ¢ ~ 1.6 A™' in the WAXS pattern, which can
be associated with the Ca-Ca spacing (3.79 A) comparable to
B-sheet structures in proteins.*’ For TH10 and OH10, the
peptide-mimicking character has been already found by grazing
incidence X-ray diffraction (GIXD) at the air-water interface.’

Furthermore, hydrogen bonds and the Ca-Co spacing have
been found in WAXS for the very similar lipid TH4.** The only
structural difference between TH10 and TH4 is the spacer group.

4.2. Phase behaviour of lipid/DOPE mixtures

In order to enhance the transfection rates, the often used helper
lipid DOPE was added to the liposomes. In general, zwitterionic
helper lipids dilute the charge density of cationic liposomes. An
optimum charge density is high enough to avoid endosomal
entrapment and low enough to efficiently release their DNA.*?
Furthermore, the complex structure can be adjusted by the choice
of helper lipids. DOPE forms an inverted hexagonal structure due
to its conical molecule shape. Therefore, adding DOPE to the
transfection lipids is believed to promote the formation of
inverted hexagonal structures, which rapidly fuse with the
endosomal bilayer and allow the release of DNA with high
efficiency.” "™

The 2:1 and 1:1 mixtures of TT10, TH10 and OT10 with
DOPE are multi-lamellar. In this case, the added co-lipid did
not change the structure of the cationic lipid (see Table 2). The
structure only changes from lamellar to non-lamellar for the
lipid/DOPE mixtures in the ratio 1:4 (Fig. 6A-C).

TT10/DOPE (1:4) and TH10/DOPE (1 : 4) form a cubic lattice
with Im3m symmetry (Fig. 7A and B and Table S1, ESI). The
characteristic cubic lattice parameter a was determined as the

1
slope of the linear function;[A”} =f < (R + i+ 12)> passing

through the origin (0,0). Here, 4, k and [ are Miller indices of the
cubic lattice and the slope is equal to 1/a.** The Im3m lattice
parameters a for TT10/DOPE (1:4) and TH10/DOPE (1:4)
amount to 195 A and 138 A, respectively. The structure of
OT10/DOPE (1:4) at 25 °C remains unidentified (data not
shown) due to the small number of peaks, which are additionally
not well resolved.

For OH10/DOPE (1:4), high temperatures are needed to
form a well-defined structure with DOPE. At 80 °C, OH10/DOPE
(1:4) forms a micellar cubic lattice with Pm3n symmetry (Fig. 7C
and Table S2, ESI%). There are three additional peaks in the
SAXS pattern belonging to a hexagonal phase (g-ratio 1:/3:2).
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TH10/DOPE mixtures (20 wt% dispersion in water) at 25 °C. The corresponding SAXS patterns are presented in (B).

The obtained Pm3n lattice parameter is 203 A. The cylinder
parameter a of the hexagonal phase is 164.5 A.

0010 has the highest transfection efficiency with DOPE in
the ratio 1:1 (Fig. 8). A coexistence of two inverted hexagonal
(Hyl and Hy2) and one cubic phase has been obtained
(Fig. 7D). The peak positions could be indexed with a cubic
Pm3n lattice. The determined Pma3n lattice parameter equals
563 A. The cylinder parameters a of Hy1 and Hy2 are 60.6 A and
52.6 A, respectively, which implies phase-separated 0010 with
different amounts of DOPE. The addition of DOPE induces the
formation of non-lamellar phases (see also Table 4). Additionally,
DOPE disturbs the chain packing and a liquid-crystalline state
occurs in the mixture TH10/DOPE (1:4) (Fig. 6D and Table 4).
This increased chain fluidity can possibly increase the interaction
with other lipid structures like cellular membranes, e.g. endosomal
membranes, because a lipid mixing is more likely in the liquid-
crystalline state compared to the gel state.*

4.3. Transfection experiments

The transfection efficiency of the cationic lipid/DOPE mixtures
in a molar ratio of 1:4 was examined after complexing a
plasmid DNA, encoding for the reporter gene GFP, at a N/P

This journal is © the Owner Societies 2018

ratio of 4 (Fig. 8). The OO10/DOPE 1:4 mixture was the most
effective one, but also the most toxic formulation. Decreasing
the amount of the co-lipid in OO10/DOPE mixtures from 1:4 to
1:2 decreases the efficiency in A549 cells, while the 1:1 mixture
has the highest. At the moment, we have no secured explanation
for this behaviour, but de-mixing and therefore patches with
different charge densities could be the reason. The other cationic
lipids in mixtures with DOPE show a continuous decrease in the
efficiency if the amount of co-lipid decreases in the mixture.

4.4. Phase behaviour of lipid/DOPE/DNA mixtures

Formulations with the best transfection rates have been examined.
The results for the lipoplexes with TT10, TH10, OT10 and OH10 as
well as 0010 are shown in Fig. 9. In general, the observed liquid-
crystalline phases change by adding calf thymus DNA. Due to the
co-existence of different phases, the lipoplex structure determina-
tion is rather complex.

The SAXS patterns of the mixtures TT10/DOPE (1:4) and
OT10/DOPE (1:4) with DNA indicate a coexistence of three
different phases. Besides the bicontinuous cubic Im3m phase,
additionally two inverted hexagonal phases appear. Most probably
these phases consist of phase-separated DOPE. Pure DOPE as a

Phys. Chem. Chem. Phys., 2018, 20, 17393-17405 | 17401
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Fig. 7 SAXS pattern of TT10/DOPE (1:4) (A), TH10/DOPE (1:4) (B), OH10/DOPE (1:4) (C), and OO10/DOPE (1:1) (D) mixtures (20 wt% dispersion in
water) at different temperatures (indicated). (A and B) The indexed peaks belong to the cubic Im3m lattice, and the indexed reflexes of the Im3m lattice
are plotted vs. their peak positions in the insets. For TT10/DOPE (1: 4) the reflex /10 is missing. Red dashed lines are linear fits. (C and D) The indexed
peaks belong to the cubic Pm3n lattice, and the indexed reflexes of the Pm3n lattice have been plotted vs. their peak positions in the insets. Red dashed
lines are linear fits.
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Fig. 8 GFP expression of cationic lipid/DOPE 1: 4 (n/n) complexed with pCMV-GFP plasmid DNA (0.1 ug per well) at a N/P ratio of 4 in three different cell
lines (A549, Hela, and LLC-PK1) after 24 h (n = 12). The corresponding cell viability examined by the alamarBlue assay is presented by the blue squares.
The corresponding cationic lipid of the mixtures is mentioned at the x-axis. The right graph shows the results of OO10/DOPE mixtures in different molar
ratios complexed with pCMV-GFP plasmid DNA (0.1 pg per well) at a constant N/P ratio of 4. Note that the experiments have been performed at different
days with different cell passages compared to the left graph. The term ‘relative transfection efficiency’ indicates the transfection efficiency relative to the
most effective (100%) in each diagram.
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Table 4 Phase state, peak position, repeating distance or lattice para-
meter and cross-sectional area of TH10 and DOPE mixtures in different
ratios obtained by SAXS and WAXS of 20 wt% dispersions in water at 25 °C

Phase state d/a[A] g [A™] oo [ATY] 4, [A%]
TH10 Lpr 57.8 1.54 1.35 20.7
TH10/DOPE 2:1 Ly 81.6  Chains in gel state

TH10/DOPE 1:1 Ly 80.2  Chains in gel state
TH10/DOPE 1:4 Q,?*° 138 Halo — molten chains
DOPE H, 72.9  Halo — molten chains

20 wt% dispersion in water has a cylinder lattice parameter a of
72 A. For Hy1 and Hy2 the rod diameter a equals 76 A and 68 A,
respectively. The small parameter a might indicate that ct-DNA
is not incorporated into the hexagonal phases. More likely,
ct-DNA is part of the cubic phase with Im3m symmetry indexed
as Qpna in Fig. 9A. The cubic phase is already formed in
the corresponding binary mixture in the absence of DNA (see
Fig. 7). In a general phase diagram, the cubic phase is in between
the lamellar phase (TT10) and the hexagonal mesophase (DOPE).
The cationic lipid provides the positive charge suitable for the
complexation of DNA. The characteristic Im3m lattice parameter
a of TT10/DOPE (1 : 4) is equal to 195 A without DNA. After ct-DNA
is added to the lipid mixture, @ decreases to 162 A. Obviously, the
cubic mesophase shrinks due to condensation caused by electro-
static interactions between cationic lipids and negatively charged
ct-DNA. Since the samples have been measured in water, there
are no counter ions to screen the charges. OT10/DOPE (1: 4)/DNA
lipoplexes with N/P = 4 show similar Bragg peaks as found for
TT10/DOPE (1:4)/DNA (N/P 4). In contrast to the Bragg peaks,
which correspond to a cubic Im3m structure, the Bragg peaks
indicating two hexagonal phases are not well-resolved. The lattice
parameter a of the Im3m structure is equal to 165 A and therefore
slightly larger for the OT10-containing lipoplex than for the TT10-
containing cubic lipoplex. Since the replacement of the shorter
and saturated tetradecyl chain in TT10 by the longer and
unsaturated oleyl chain OT10 results in higher fluidity, the
sponge-like bicontinuous system can bind more water. Due to
this swelling and the increase in chain length from Ci4., to
Cig.1, the increased lattice parameter is not surprising. The
cylinder lattice parameters of the two hexagonal mesophases of
OT10/DOPE (1:4)/DNA (N/P 4) are too small to host ct-DNA,
which leads to the conclusion that the calf thymus DNA is
mostly complexed in the cubic phase. Both mixtures, TT10/
DOPE (1:4) and OT10/DOPE (1:4), incorporate calf thymus
DNA in cubic lipoplexes. Cubic lipoplexes containing DNA or
siRNA have already been described in the literature.*®*”

In contrast, the lipoplexes of the hexadecyl-containing
derivatives, namely TH10/DOPE (1:4)/DNA (N/P 4) and OH10/
DOPE (1:4)/DNA (N/P 4), are slightly different. Due to the small
number of Bragg peaks, the structure of the TH10/DOPE (1:4)/
DNA (N/P 4) lipoplex remains unresolved. For the OH10/DOPE
(1:4)/DNA (N/P 4) mixture it seems that the ct-DNA is incorporated
in a lamellar lipoplex with a repeating distance d equal to 64 A
(indicated as Lpy, in Fig. 9A). Pure OH10 has a d-values of 54 A. In
this case, ct-DNA might partially penetrate into the lipid bilayer
due to electrostatic interactions because the layer thickness

This journal is © the Owner Societies 2018
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Fig. 9 (A) SAXS pattern of lipoplexes at N/P = 4 composed of TH10/DOPE
(1:4)/DNA (black), TT10/DOPE (1:4)/DNA (green), OT10/DOPE (1:4)/DNA
(violet) and OH10/DOPE (1: 4)/DNA (red) as 20 wt% dispersions in water at
25 °C. (B) SAXS of OO10/DOPE (1:1) (red) and of OO10/DOPE (1:1)/DNA at
N/P = 4 (black) at 25 °C as 10 wt% dispersion in water. (C) Schematic
representation of the structures found in OO10/DOPE (1:1)/DNA lipoplexes
(see B).

increases only by about 10 A instead of 20 A (the double helix
diameter is 20 A).***° Additional peaks occur which can be the
result of an additional repeat pattern (indicated as L2 in
Fig. 9A). This could be either a lamellar phase without DNA
resulting in a d of 50 A or ct-DNA aligned in a 1D lattice between
the lipid bilayers with an in-plane distance of 50 A. A hexagonal
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phase with a cylinder lattice parameter a of 67 A is additionally
present in the SAXS pattern. Since the rod diameter is similar to
DOPE, it might be phase-separated DOPE.

The OO10/DOPE (1:1)/DNA (N/P 4) lipoplex at 25 °C is multi-
lamellar, which means the ct-DNA is sandwich-like complexed
between the bilayers (LS).***° The ordered 1D alignment of the
ct-DNA causes a broad Bragg peak (dpna) in the SAXS pattern
(Fig. 9B). The in-plane distance of 37.8 A indicates that DNA is
not densely packed (Fig. 9C). Furthermore, a fraction of phase-
separated OO10 can be seen in the SAXS pattern, which implies that
not all 0010 molecules are involved in the lipoplex formation.

5. Conclusions

In this work, the influence of the chain composition on the
physical-chemical properties of five lipids, designed for non-
viral gene transfection, were investigated in 3D model systems.
The focus was set on the phase behaviour and structures of the
pure lipids, their mixtures with the commonly used helper-lipid
DOPE, and the selected transfection mixtures with DNA. It was
shown that the replacement of saturated tetradecyl (C,4.0) and
hexadecyl (Ci6,) chains by unsaturated oleyl (Cig.) chains
decreases the gel to liquid-crystalline phase transition temperature.
The exchange of a short tetradecyl (Cy4,0) chain by a longer hexadecyl
(Cye:0) chain enhances the van der Waals interactions and leads
to an increase of the gel to liquid-crystalline phase transition
temperature. The fluidity increases with shorter chains and double
bonds: TH10 < TT10 < OH10 < OT10 < 0010, a behaviour also
described in monolayer experiments.® Additionally, a hydrogen
bond network was found for the pure cationic lipids. The increasing
volume of the chain domain changed the molecular shape such that
TT10, TH10, OT10 and OH10 are cylinder-like while 0010 has an
inverted cone-like molecular shape. Therefore, the first four lipids
form lamellar mesophases and the last one an inverted hexagonal
phase. The addition of DOPE has several effects. It destroys the
hydrogen bond network, reduces the charge density in the lipid
mixtures and disturbs the alkyl chain packing resulting in an
increased fluidity of the mixtures. As a result, the aggregation
behaviour of the lipid mixtures changes with an increasing amount
of DOPE from lamellar to cubic. The lipid mixtures with DNA show
a panoply of mesophases. Interestingly, TT'10 and OT10 form cubic
lipoplexes, while 0010 complexes the DNA sandwich-like between
lipid bilayers in a lamellar lipoplex. Surprisingly, the latter is the
most effective lipoplex.

Against all expectations, it emerges that the miscibility with
DOPE decreases with an increasing amount of oleyl chains.
Maybe the liposomes are too instable due to a lack of rigid
chains, which eventually results in phase separation.

Abbreviation

ATR-FTIR  Attenuated total reflection Fourier-transform infrared
spectroscopy

arb. units  Arbitrary units

ct-DNA Calf thymus deoxyribonucleic acid
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PCCP

DOPE 1,2-Dioleoyl-sn-glycero-3-phosphoethanolamine

FTRS Fourier-transform Raman spectroscopy

GIXD Grazing incidence X-ray diffraction

H, Hexagonal phase state with molten chains

Ly Lamellar phase state with tilted chains in all-trans
conformation

OH10 N-(2-Aminoethyl)-N’-{6-amino-1-[N-(9Z)-octadec-9-
enylamino]-1-oxohexan-(25)-2-yl}-2-
hexadecylpropandiamide

0010 N-(2-Aminoethyl)-N'-{6-amino-1-[N-(9Z)-octadec-9-
enylamino]-1-oxohexan-(25)-2-yl}-2-{(9Z)-octadec-
9-enyl]propandiamide

OT10 N-(2-Aminoethyl)-N'-{6-amino-1-[N-(9Z)-octadec-9-
enylamino]-1-oxohexan-(25)-2-yl}-2-
tetradecylpropandiamide

SAXS Small-angle X-ray scattering

TH10 N-(2-Aminoethyl)-N'-[6-amino-1-oxo-1-(N-

tetradecylamino)hexan-(25)-2-yl]-2-
hexadecylpropandiamide
Tm Gel to liquid-crystalline phase transition temperature

TT10 N-(2-Aminoethyl)-N'-{6-amino-1-oxo-1-(N-tetradecyl-
amino)hexan-(2S5)-2-yl]]-2-tetradecylpropandiamid
WAXS Wide-angle X-ray scattering
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