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Lysine-based amino-functionalized lipids for gene
transfection: the protonation state in monolayers
at the air-liquid interfacet
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Cationic lipids are considered as non-viral carriers for genetic material used in gene therapy. They have
no carcinogenic potential and cause low immune response compared to existing viral systems. The
protonation degree of these cationic lipids is a crucial parameter for the binding behavior of
polynucleotides (e.g., DNA). Newly synthesized peptide-mimic lysine-based amino-functionalized lipids
have been investigated in 2D models as monolayers at the air-liquid interface. Standard surface pressure —
area isotherms have been measured to prove the layer stability. Total reflection X-ray fluorescence (TRXF)
has been used as a surface sensitive analytical method to estimate the amount of counterions at the head
groups. Using a standard sample as a reference, the protonation degree of these cationic lipids can be
quantified on buffers with different pH values. It is found that the protonation degree depends linearly on

rsc.li/pccp

1. Introduction

After the introduction of human gene therapy' in 1972 and the
first successful lipid mediated transfection® in 1987, this con-
cept is considered as one of the most promising tools to heal
monogenic diseases like cystic fibrosis and sickle-cell anemia.®
Also, AIDS, cardiovascular disorders and neurological diseases
like Parkinson’s disease and Alzheimer’s disease are a matter of
particular interest. Most of all, cancer is a highly addressed
subject in this field.*® Gene therapy requires the insertion of
genetic material or the replacement of defective genes by
healthy ones - the so-called gene transfection.’

Since it is impossible for pure DNA, a polyanionic macro-
molecule which is degraded by extracellular and intracellular
enzymes, to penetrate the cell membrane, specific carriers are
required to overcome cellular barriers and efficiently deliver
extracellular gene material into eukaryotic cells and release the
DNA into the cell nucleus. Furthermore, the carrier systems
have a protective effect against enzymatic degradation. Viruses
are natural nucleic acid carriers which overcome cellular barriers
and protect the genetic cargo by encapsulation with proteins and
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the packing density of the lipid monolayer.

lipids. Despite the high transfection efficiency of viral systems,
toxicity to the human body and the creation of immune
responses are big drawbacks. An alternative approach is the
lipid mediated non-viral gene transfer.®® Thereby, a complex of
cationic lipids, neutral helper lipids and DNA - a so-called
lipoplex'®* — is used. The lipoplex should be positively charged
to interact with the negatively charged cell membrane®'*"* for
endocytosis and be stable enough to escape from the endosome
into the cell before its fusion with lysosomes and lysis by
enzymes. On the other hand, the DNA needs to be released from
the carrier, preferentially close to the cell nucleus. So, the
complex should not be too stable.

Up to now, there is no ‘master recipe’ to design the ultimate
lipoplex. The transfection efficiency depends on the lipoplex
properties, for instance charge (in particular, the N/P ratio,
cationic lipid - helper lipid ratio), the lipoplex structure'**?
and pH sensitivity,"®"” as well as on the environment (cell type,
ionic strength, temperature, and pH value).

There are some common conceptions'® about basic struc-
tural properties. All these parameters predict the complex
stability and the pathways'® of the lipoplex. In this work,
Langmuir monolayers*’~? at the air-liquid interface have been
used as model systems to determine the protonation degree of
new transfection lipids, which is a crucial parameter for determin-
ing the binding efficiency of DNA. For this purpose, eight different
cationic lipids were selected (Fig. 1), which are modified in their
head group and alkyl chain structures. To demonstrate that the
protonation degree is tightly linked to the packing density, lipids
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Fig. 1 Chemical formulas of the novel peptide-mimic lysine-based amino-functionalized lipids.

with different molecular area requirements due to their structural
properties (head group size, number of charged groups, and chain
pattern) have been used. Lipids with the same head group
structure but different chain patters (introduction of double
bonds for increasing fluidity) and lipids with the same chain
pattern but different head groups (increasing charge and size)
were investigated. The occupied area per molecule increases with
chain fluidity and increasing head group size. As has been already
proved, total reflection X-ray fluorescence (TRXF) is a brilliant
method to estimate the protonation rates of cationic lipids® and
to quantify DNA binding to a lipid monolayer at the air-liquid-
interface.”* Also, the coordination affinities of amyloidogenic
peptides at the hydrophobic-hydrophilic interface in presence
of Cu®>* and Zn*" in the subphase have been studied by TRXF.>*

2. Materials

For the experiments, 1 mM stock solutions of cationic lipids
were prepared in chloroform: methanol in a ratio of 8:2 (v:v)
(CHCls: J. T. Baker, Netherlands; stabilized with 0.75% of
ethanol, CH3;0H: Merck, Germany; purity >99.9%). For the
quantification of the TRXF results, dioctadecyldimethylammonium
bromide (DODAB), purchased from Fluka, was used as a reference.
The chemicals for the buffer subphases were purchased from
Sigma-Aldrich. In the pH range from 3 up to 10, 1,4-
diazabicyclo(2,2,2)octane (pKa,; = 4.2, pKa, = 8.2), 2-morpholino-
ethylamine (pK,; = 4.8, pK,, = 9.5), 1,3-bis(tris(hydroxymethyl)-
methylamino)propane (pK,; = 6.8, pK,, = 9.0) or piperazine
(pKa1 = 5.7, pKay = 9.8) was used as the basic species. Because of
the high fluorescence yield, Br~ was used as the only anion to
interact with the positively charged head group. Therefore, HBr
was chosen as the acid species in a constant concentration of
2 mM. The subphase with pH 2.6 was obtained by using only
water and HBr acid. Milli-Q Millipore water with a specific
resistance of 18.2 MQ cm was used for all measurements and
sample preparations. The synthesis and the analytical data of
the lipids TH10, TH14, TH4 and OH4 have been already
described.?®?” The transfection lipids 0010, 004, OH14 and
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0014 were synthesized using the same procedures. The analytical
data are listed below and contain information about the char-
acterization of the compounds by thin layer chromatography,
ESI-MS, HRMS, '"H-NMR and *C-NMR.

0010: C,;Ho;N503, 744.25 ¢ mol ™. Rg: 0.25 (CHCl3/methanol/
NHj, 80/20/2, v/v/v); ESI-MS: 744.5 [M + H]'; HRMS calc. 744.7195
Da (C47Hg,N5O;3 [M + HJ), found 744.7195 Da; "H-NMR (CDCl;,
500 MHz, 27 °C) d[ppm] = 0.88 [t, *J(H,H) = 6.8 Hz, 6H, 2 x -CHj],
1.26-1.90 [m, 56H, ~CH,-alkyl, -(CH,);CH,NH,], 1.95-2.01 [m, 8H,
2 x -CH,CH=CHCH,-], 2.71 [t, *J(HH) = 6.5 Hz, 2H,
~(CH,);CH,NH,), 2.82 [t, *J(H,H) = 6.0 Hz, 2H, -NHCH,CH,NH,],
3.05 [t, *J(H,H) = 7.4 Hz, 1H, -COCH(oleyl)CO-], 3.14-3.36 [m, 4H,
2 x -CH,NHCO-], 4.31-4.35 [m, 1H, -COCH(NHCO-)CH,-], 5.31-
5.37 [m, 4H, 2 x -CH—CH-], 6.43-6.45 [m, 1H, oleyl-NHCO-],
7.02-7.03 [m, 1H, -NHCH,CH,NH,], 7.33 [d, *J(H,H) = 7.7 Hz,
1H, ~COCH(NHCO-)CH,-]; "*C-NMR (CDCl;, 125 MHz, 27 °C),
d[ppm] = 14.1, 22.6, 22.7, 26.9, 27.2, 27.6, 29.17, 29.28, 29.29,
29.38,29.39, 29.48, 29.58, 29.63, 29.68, 29.71, 31.5, 31.7, 31.9, 32.1,
32.3, 32.5, 32.6, 39.6, 41.2, 41.4, 41.5, 42.1, 53.4, 55.0, 129.7, 129.9,
130.2, 130.4, 170.8, 171.1, 171.2.

004: C5,H;0;N,03, 860.39 g mol . Rg: 0.09 (CHClz/methanol/
NH;, 65/35/5, v/v/v); ESI-MS: 860.6 [M + H]'; HRMS calc. 860.8039
Da (Cs1H;0,N50; [M + HJ"), found 860.8060 Da; "H-NMR (CDCl;,
500 MHz, 27 °C) §[ppm] = 0.85 [t, J(H,H) = 6.8 Hz, 6H, 2 x —~CH}],
1.24-1.88 [m, 56H, -CH,-alkyl, -(CH,);CH,NH,], 1.93-1.99 [m, 8H,
2 x ~CH,CH=CHCH,-], 2.45-2.56 [m, 6H, -CH,N(CH,CH,NH,),],
2.64-2.76 [m, 6H, 3 x -CH,NH,], 3.04-3.41 [m, 5H, 2 x
-CH,NHCO-, -COCH(oleyl)CO-], 4.31-4.37 [m, 1H, -COCH-
(NHCO-)CH,-], 5.27-5.35 [m, 4H, 2 x -CH—CH-|, 7.16-7.17/
7.83-7.98/8.16-8.23 [3 x m, 3H; 3 x -NHCO-J; *C-NMR (CDCly/
CD;0D, 125 MHz, 27 °C), S[ppm] = 12.9, 21.8, 22.11, 22.14, 26.1,
26.3, 28.3, 28.4, 28.50, 28.58, 28.62, 28.7, 28.83, 28.88, 28.92, 28.98,
30.4, 31.0, 31.1, 31.7, 36.6, 36.7, 38.0, 38.1, 38.6, 38.7, 40.1, 40.2,
48.4, 52.69, 52.74, 52.85, 55.26, 55.33, 128.9, 129.0, 129.4, 129.5,
170.4, 170.5, 170.8, 171.5, 171.6.

OH14: C5;H;4;N;O4, 879.39 g mol *. Rg 0.10 (CHClz/metha-
nol/NHj3, 65/35/5, v/v/v); ESI-MS: 876.7 [M + H]"; HRMS calc.
876.7988 Da (C5,H;0,N;04 [M + H]"), found 876.7977 Da; "H-NMR
(CDCl;, 500 MHz, 27 °C) d[ppm] = 0.87 [t, *J(H,H) = 6.8 Hz, 6H,
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2 x —-CHs), 1.23-1.83 [m, 66H, ~CH,-alkyl, 2 x —(CH,);CH,NH,],
1.95-2.02 [m, 4H, ~-CH,CH=CHCH,-], 2.68-2.73 [m, 4H, 2 x
-CH,NH,], 3.02 [t, *J(H,H) = 7.4 Hz, 1H, ~-COCH(hexadecyl)CO-],
3.13-3.44 [m, 7H, 3 x ~CH,NHCO-, -COCHNH,CH,], 4.28-4.32
[m, 1H, -COCH(NHCO-)CH,-], 5.32-5.37 [m, 2H, ~-CH—CH-],
6.70/7.69/7.74 [3 x s, 3H, 3 x -NHCO-], 7.39 [d, *J(H,H) = 6.8 Hz,
1H, ~-COCH(NHCO-)CH,-]; *C-NMR (CDCl;, 125 MHz, 27 °C),
d[ppm] = 14.1, 22.7, 22.8, 22.9, 27.0, 27.2, 27.6, 29.28, 29.34, 29.5,
29.6, 29.7, 29.8, 31.8, 31.9, 32.0, 32.6, 32.8, 34.9, 38.7, 39.6, 40.0,
41.57, 41.64, 53.4, 54.9, 55.0, 129.7, 130.0, 130.2, 130.4, 170.8,
171.39, 171.41, 176.3.

0014: C53H,;03N,04, 902.43 g mol . Re: 0.18 (CHCly/metha-
nol/NHj;, 65/35/5, v/v/v); ESI-MS: 902.6 [M + H]"; HRMS calc.
902.8144 Da (Cs3H;04N,O; [M + HJ'), found 902.8160 Da;
"H-NMR (CDCl;, 500 MHz, 27 °C) §[ppm] = 0.88 [t, *J(H,H) =
6.9 Hz, 6H, 2 x -CHj), 1.27-1.87 [m, 62H, -CH,-alkyl, 2 x
~(CH,);CH,NH,], 1.96-2.01 [m, 8H, 2 x -CH,CH=CHCH,-],
2.70-2.76 [m, 4H, 2 x -CH,NH,], 3.01 [t, *J(H,H) = 7.1 Hz, 1H,
-COCH(oleyl)CO-], 3.16-3.48 [m, 7H, 3 x -CH,NHCO-,
~COCHNH,CH,-], 4.26-4.31 [m, 1H, -COCH(NHCO-)CH,-],
5.34-5.38 [m, 4H, 2 x -CH=CH-], 6.53-6.55/7.66-7.68/
7.60-7.74 [3 x m, 3H, 3 x -NHCO-], 7.31-7,36 [m, 1H,
-COCH(NHCO-)CH,-]; "C-NMR (CDCIl;/CD;0D, 125 MHz,
27 °C), §[ppm] = 13.5, 22.1, 22.26, 22.33, 26.6, 26.8, 27.1, 28.8,
28.9, 29.1, 29.30, 29.35, 29.39, 29.6, 29.7, 30.4, 30.5, 31.1, 31.2,
31.5, 32.2, 34.2, 38.5, 38.7, 39.2, 39.3, 39.88, 39.92, 40.0, 53.0,
53.2, 53.6, 54.2, 54.3, 129.3, 129.6, 129.8, 130.0, 170.7, 171.2,
171.8, 172.0, 175.9, 176.0.

3. Methods

3.1 n/A-Isotherms

The molecular area A was measured in a Langmuir trough
equipped with a Wilhelmy balance. A fixed temperature of 20 °C
with an accuracy of +0.1 °C was adjusted by an external water
bath. A movable barrier compressed the lipid monolayer with a
speed of 5 A> molecule ™" min~ to the desired surface pressure 7.
The lipid solutions were spread carefully from a microsyringe
(Hamilton, Switzerland) onto the aqueous subphases. 10 min
were given before compression to allow the solvent to evaporate.

3.2 Total Reflection X-ray fluorescence

TRXF measurements were carried out at the High-Energy
Materials Science (HEMS) Beamline P07°%?° at PETRA III,
DESY, Hamburg, Germany. The experimental setup includes a
Langmuir trough in an air-tight aluminum container with a
Kapton window, which is covered with lead in order to reduce
scattering. The lipid monolayer was compressed to different target
surface pressures (5 mN m~' and 30 mN m '), which were kept
constant during the measurements. All experiments were per-
formed in air at room temperature. The monochromatic synchro-
tron X-ray beam entered the hutch with a fixed photon energy of
60 keV (1 =0.21 A). The beamline P07 is equipped with an Amptek
XR-100T CdTe fluorescence detector (Amptek, Bedford, U.S.A.).
The cadmium telluride (heavy element)-diode has acceptable

This journal is © the Owner Societies 2017
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energy resolution and high efficacy at higher energies
(up to 100 keV).

3.3 X-ray reflectivity

Specular X-ray reflectivity (XRR) experiments were performed at
the same beamline P07 as the described for the TRXF experi-
ments. The set-up geometry was adjusted to o; = o, = o. The
intensity of the reflected beam was measured as a function of
the vertical incident angle «; using a Nal scintillation detector.
The incident angle was varied stepwise in order to scan a range
from 0.01 A~ to 0.55 A™' of Q, (vertical scattering vector
component Q, = (4n/4)sin(«,)). X-ray reflectivity data yield the
electron density profile p along z normal to the surface and may
be used to determine the layer thickness. The background
scattering from, e.g., the subphase, was measured at 26, = 0.7°
and subtracted from the signal measured at 26y, = 0°. The
reflectivity data were inverted by applying a model-independent
approach including linear combinations of b-splines.*® The
obtained electron density profile was interpreted by assuming a
symmetrical electron density distribution in submolecular units
of a lipid (for instance alkyl chains and head groups).

The experimental setup and evaluation procedure have been

described in detail elsewhere.?' 33

4. Results and discussion
4.1 Structural properties

The novel transfection lipids have a malonic acid-based lysine-
containing backbone in common (Fig. 1). The cationic group of
the lipids is represented by primary amines (R-NH,). In depen-
dence on the pH value of the subphase, these groups are either
protonated or deprotonated. This behavior can be clearly seen
in the m/A-isotherms (Fig. 2). At low pH values, a liquid-
expanded (LE) phase state is expected due to electrostatic
repulsions between the charged (protonated) lipid head groups.
They occupy large molecular areas. Here, a high surface pressure
is needed to force them into a condensed phase state with high
packing density. At high pH values, the lipids are uncharged and
occupy smaller molecular areas.

Head group 10 is the smallest head group in this investiga-
tion. It has only two primary amine groups. Head group 14 has
an additional lysine moiety and therefore three primary amine
groups. Both head groups have a small ethylene diamine
spacer. In contrast to 10, head group 4 has a branched tris-
(2-aminoethyl)amine spacer and three primary amine groups
(Fig. 1).

DNA is a polyelectrolyte and its charge state is therefore
sensitive to the pH value. At physiological pH 7.4, DNA is
negatively charged due to the phosphate backbone (PO, ™). At
lower pH values, the charges will be balanced by the protons
(H"), hence it is neutral at pH 3, at which the lipids are almost
fully protonated. pH 3 is the limit for our experiments due to
possible hydrolysis of the phosphate groups and the breaking
of H-bonds due to repulsion of positive charges (depurination
of DNA). At the same time, pH 10 is the upper limit. The pK,
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Fig. 2 n/A-Isotherms of TH10 (A) and OO10 (B) at 20 °C on HBr buffers with different pH values.

values of guanine and thymine are 9.6 and 10.5, respectively.>® measurements is not sufficient to estimate the protonation
Therefore, these bases will be deprotonated at higher pH values rate of such molecules.

and exist as negatively charged conjugated bases.*” As a result, The large molecular areas observed for the monolayers of
the N-H---N hydrogen bond between GC and T-A will be 0010, 004 and 0014 indicate that these lipids form fluid
disrupted. monolayers at all investigated pH values (Fig. 2B and ESL¥

Fig. S6 and S9). This can be explained by the fact that these
4.2 m/A-Isotherms lipids have unsaturated chains which decrease the phase
At pH 3, TH10 is in a liquid-expanded phase state up to a transition temperature®” in bulk and increase the phase transi-
surface pressure of 35 mN m ' (Fig. 2A). Above this lateral tion pressure in monolayers.
pressure, a plateau appears indicating a first-order phase None of the investigated lipids is in a condensed phase state
transition. In this region, the liquid-expanded phase (LE) and atall pH values indicating a strong influence of the electrostatic
the condensed phase (LC) coexist. The pressure is almost repulsion due to the protonation of the amine groups in
constant over a certain range of molecular areas (depending competition with the van der Waals attraction between neigh-
on the temperature) and increases drastically at the end of the boring chains. The smaller the head group and the higher the
plateau. Now, the lipid monolayer is in the fully condensed number of charges per lipid, the stronger the electrostatic
phase state (the chains are in all-trans conformation). In contrast, repulsion within the lipid monolayer.
TH10 is in a fully condensed phase state at pH 7 and 10. Since the
amine groups are deprotonated, there is no electrostatic repulsion
and the lipids can be packed tightly even at low surface pressures
due to strong van der Waals interactions between the chains. 4.3.1 Determination of the protonation state. The TRXF
TH14, which exhibits an additional lysine group in the head, spectra were recorded at a biomembranes surface pressure of
is in a liquid-expanded phase state with chain segments in 30 mN m™". Values between 30 and 35 mN m ™" are considered
gauche conformation at pH 3 (ESI,f Fig. S7). At pH 5.5, the as the lateral pressure in biomembranes.*® In addition, 0010
LE-LC phase transition occurs at 7, = 20 mN m™ ', and at and 004 were investigated at 5 mN m " in order to study the
pH 7.4, a transition pressure of 7, = 10 mN m~ ' has been influence of the packing density on the protonation state.
determined. Both isotherms have a hump directly before the The background of the TRXF method and its application for
plateau. The hump indicates that an over-compression is the investigation of counterion concentrations at charged inter-

4.3 TRXF measurements

needed to introduce the nucleation process.*® At pH 10, the faces were described in detail elsewhere.>**°
monolayer of TH14 is fully condensed. The LE-LC transition TRXF was used in order to quantify the amount of negatively
pressure decreases continuously with increasing pH. charged bromide ions attracted to the positively charged lipid

TH4 is in a liquid-expanded phase state at pH 3 and also at monolayer in dependence on the subphase pH. The bromide
pH 7. However, the molecular area decreases with increasing anions are detected at the surface (mainly in the Helmholtz
PH due to a lower protonation state (ESI,T Fig. S4). At pH 9 and  part of the electrical double layer) due to a strong Br K, line
10, TH4 undergoes a first-order phase transition (LE to LC) ata around 11.9 keV and a weak Br Kg line around 13.3 keV.*’
surface pressure of 23 mN m ™. The expected variations of the The fluorescence intensity of bromide is proportional to the
protonation degree in the investigated pH range have less Br~ amount and can be directly coupled to the protonation
influence on the isotherms (mostly the LE phase). degree of the cationic lipids. To avoid competition between

At low pH values, the protonation of the amine groups is counterions, just bromide containing buffers have been used
strong enough to introduce electrostatic repulsions between the ~with a constant concentration of 2 mM. The basic buffer
lipid head groups. Since all investigated lipids are essentially substances were not surface active. The fluorescence spectra
uncharged (deprotonated) at pH 8, using only isotherm of the pure buffer were measured first and subtracted from the
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spectra taken with the different buffer solutions covered with
the corresponding lipid monolayer.

For all investigated lipids, the same tendency was observed.
With increasing pH value of the Br~ containing subphase, the
fluorescence intensity of the Br K, and Br Kg lines decreased.
Selected X-ray fluorescence (XRF) spectra of TH10 are presented
in Fig. 3A and of 0010 in Fig. 3B. In most cases, the signal
intensity was already close to zero at pH 8.

For further comparison, the integral intensity of the Br K,
fluorescence line was translated into the protonation degree to
obtain titration curves of the cationic lipids. Thereby, we follow
the procedure described in the literature.>® This procedure is
based on molecular areas determined from the n/A-isotherms
and the XF intensity determined for DODAB (one charge per
molecule) monolayers. Since DODAB has a quaternary ammonium
head group, it is permanently positively charged independent of
the environmental pH value. The fluorescence signal intensity I is
directly proportional to the concentration of the bromide counter-
ion allowing the quantification of the protonation rate p of the
lipid molecules

1

Curen() .

pN

with the lipid surface concentration Cyg,s, the penetration depth
(decay length) A of the evanescent wave, and the distance from the
interface z. For hard X-rays, the penetration depth is close to 50 A if
the incident angle o; is below the critical angle o.. For amphiphilic
monolayers, z can be approximated by the thickness of the
hydrophobic chain layer. This thickness can be estimated by
XRR, GIXD, or IRRAS experiments. For instance, the structure of
a DODAB monolayer has been measured at 40 mN m™ ' by
GIXD. The tilt angle ¢ of the chains amounts to 33.6°.>* Using
2= Imax cos(?) with the maximum length /.« of a stretched alkyl
chain,*"*? the thickness z amounts to 19.1 A.

The thickness of the fluid monolayers 0010 and 004
was determined by XRR. The electron density profiles were
described by a two-box model. The molecular area determined
from the isotherm and the number of electrons in the hydro-
phobic part of the molecule were used as constraints during the
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fitting procedure. The hydrocarbon chain layer has a thickness
of z=(14.2 + 0.5) A in the case of 0010 and z = (13.5 + 0.5) A for
004 at pH 3 (ESL Fig. S12 and S13).

Surprisingly, the use of a very simple model allows satisfactory
determination of z

_ MW chain (2)

A pN A
with the molecular weight of the hydrophobic chains MW jin, the
molecular area A (determined from isotherms), the density of the
hydrophobic layer p (the density of polyethylene (0.9 g cm ™) has
been used as a first approximation), and the Avogadro constant
Nx”? The thicknesses of the hydrophobic layers for the investi-
gated lipids are presented in Table 1. The protonation degrees are
given in Table 2 and Fig. 4. These values clearly demonstrate the
influence of the head group structure.

Head group 10 has two amine groups in the head group
structure, which are in the case of the unsaturated lipid 0010
almost completely protonated. For TH10, 34% of the molecules
carry only one charge and 66% of the molecules are fully
protonated. Both lipids are deprotonated at pH 8. In general,
0010 is more strongly protonated than TH10 because of its
lower packing density reducing the electrostatic repulsion.

Also, the lipids with head group 14 follow the tendency of
increasing protonation with increasing fluidization of the lipid
chains, which causes a looser packing at the air-liquid interface.

Table 1 Surface concentration Cgyr, XF intensity /, thickness of the
hydrophobic monolayer part z determined using egn (2) and z,, deter-
mined using GIXD or XRR experiments at pH 3 and 30 mN m~*

Csurf . . Zm [A] from
Lipid [molecule A™*]  I[arb. units]  z[A] GIXD or XRR*
DODAB 1/50 1096 18.8 19.1
TH10 1/54 1789 14.4 —
0010 1/65 1681 14.3 14.2 £ 0.5*
TH4 1/78 2031 10 —
OH4 1/77 1898 11.4 —
004 1/82 2046 11.3 13.5 £ 0.5*
TH14 1/65 1848 12.8 —
OH14 1/64 2115 14.2 —
0014 1/74 1969 12.6 —
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Table 2 Protonation degree of the investigated lipids at pH 3 and 30 mN m™*

Protonation One Two Three
Lipid degree charge [%]  charges [%]  charges [%]
DODAB 1 (reference) 100 — —
TH10 1.66 (£0.17) 34 66 —
0010 1.96 (£0.2) 4 96 —
THA 2.48 (£0.25) — 52 48
OH4 2.37 (£0.24) — 63 37
004 2.82 (£0.28) — 18 82
TH14 1.96 (+0.2) 4 9% —
OH14 2.27 (£0.23)  — 73 27
0014 2.40 (£0.24) — 60 40

30] A
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Fig. 4 Protonation degree determined from the integral X-ray fluores-
cence intensity of the Br Ka line of the lipids compared to DODAB (black
star) at 30 mN m™. (A) TH10 (M) and OO10 (O), (B) TH14 (M), OH14 (A)
and 0014 (O), (C) TH4 (W), OH4 (A) and 004 (O). Dotted lines are for
guiding the eye only.

Head group 14 contains three primary amine groups and an
ethylene diamine spacer. From NMR measurements, it is known
that these amine groups do not have the same physical-chemical
properties as the amine groups of head group 4 due to the
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different structure. The chemical environment is different which
is quite obvious comparing the coupling constant of TH14
(lipid 2b in ref. 26) and TH4 (lipid 4b in ref. 26).%° The saturated
lipid TH14 has the lowest protonation state at pH 3 compared to
the lipids with the same head group but unsaturated chains. The
majority (96%) of TH14 molecules have two protonated amino
groups. Full protonation of all three amino groups was not
achieved. It was not possible to prepare pH solutions below
PH 2.5 by keeping the Br~ concentration constant at 2 mM. If we
follow the line (Fig. 4B), full protonation can be expected at
pH 0.78. The change in the chain structure (exchange of a
tetradecyl with an oleyl chain) causes an increase in the protona-
tion degree. Now 73% of the OH14 molecules have two charged
amine groups in the head group and even 27% of the molecules
have three charges. By replacing the saturated hexadecyl chain
with a second oleyl chain (0014) the packing density decreases
drastically (increased molecular area). This leads to a stronger
protonation. 60% of the lipids have now two charged amine
groups and 40% of the molecules are fully protonated at pH 3.
At pH 8.8, the bromide fluorescence intensity is zero, since all
amine groups are deprotonated.

The lipids TH4, OH4 and OO4 have a branched tris-
(2-aminoethyl)amine spacer, which offers three amine groups
to be protonated. The lipids including a saturated chain
(TH4 and OH4) have, as expected, a tighter packing than 004
(two oleyl chains). As a result, the protonation of the amine
groups is hindered, which is reflected in the protonation
degree. At pH 3, around 52% of the TH4 molecules have two
charged amine groups in the head structure and 48% of the
lipids are fully protonated. Surprisingly, OH4 has a slightly
smaller protonation degree than TH4. 63% of the molecules
have two charges, while 37% of the lipids have three protonated
amine groups. The area requirement of TH4 and OH4 is
similar. 004 is in a fluid phase state at all investigated
subphase pH values. As expected, it exhibits the highest proto-
nation degree of the lipids with head group 4 and at the same
time it also has the highest protonation degree among all
investigated lipids. 82% of the 004 molecules are fully proto-
nated, while 18% of the molecules have only two charged amine
groups. These results demonstrate again that a lower packing
density allows more amine groups to be protonated. All lipids
are deprotonated at pH 9.

4.3.2 Dependence of the protonation state on the packing
density. Fig. 5A indicates a linear dependence of the protona-
tion state on the required area per molecule. The increase of
fluidity, which is caused by chains with double bonds, leads to
a lower packing density. Less tightly packed lipid molecules
offer more space for protonation and exhibit reduced electro-
static repulsion in the charged state. Therefore, the protonation
state of the investigated lipids with two unsaturated chains is
always higher than that of the corresponding lipids with
saturated chains. In the case of TH4 and OH4, the protonation
state of TH4 is slightly higher than that of OH4. Since the
volume of the TH4 head group is smaller than that of OH4,
both having three possible charges, the electrostatic interaction
of TH4 is stronger compared to OH4. Consequently, the

This journal is © the Owner Societies 2017
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DODAB is given by a black star. (B) n/A-Isotherms of TH10 (straight black line), O010 (dashed-dotted black line), TH14 (red straight line), 0014 (red
dashed-dotted line), TH4 (blue straight line) and OO4 (blue dashed-dotted line) at 20 °C on HBr buffer pH 3. A is the critical area for complete

protonation.

measured molecular area of TH4 is larger than that of OH4 at
pH 3. Actually, the same scenario can be observed for TH14 and
OH14 at pH 3.

Nevertheless, the head group structure plays a crucial role.
The accessibility of protonable groups has a large influence on
the protonation state. All lipids with head group 4, namely TH4,
OH4 and 004, have a higher protonation degree than the
corresponding lipids with head group 14 (TH14, OH14 and
0014). Both head groups contain three primary amine groups,
but the head group structure is different. The additional lysine
in head group 14 might lead to intermolecular H-bonds with
neighboring lipid molecules (-C—O-HN-). In that case, the
a-amine group would be particularly suitable for such inter-
actions. Subsequently, the a-amine group is occupied and head
group 14 acts like a head group with only two available primary
amine groups. Further, the branched spacer tris(2-aminoethyl)-
amine has a larger area requirement leading to a higher proto-
nation degree. From the linear dependence in Fig. 5A the critical
area, which is necessary for full protonation, can be obtained.

Fig. 5B shows the m/A-isotherms of TH10, 0010, TH14,
0014, TH4 and 004. While TH10 has the smallest area per
molecule due to less repulsion arising from only two chargeable
amine groups and two saturated chains, 0010 requires a larger
molecular area due to the unsaturated chains. In contrast to
TH10, 0010 requires more space at 30 mN m™ ' than needed
for full protonation (64 A% per molecule). Therefore, 0010 is
fully protonated at 30 mN m™~ ' and TH10 is not. TH14, 0014,
THA4 and 004 are not fully protonated because their molecular
areas at 30 mN m ™" are below the critical area for full proto-
nation (A.), which amounts in the case of three protonable
amine groups to 92 A? per molecule. At lower surface pressures,
where the disposable area is above 92 AZ full protonation
should be possible. Indeed, 004 is fully protonated at pH 3 and
a surface pressure of only 5 mN m ™" (area per molecule: 126 A%) in
contrast to 30 mN m™* (area per molecule: 82 A%). For 0010 and
004, the protonation was higher for monolayers at 5 mN m ™"

This journal is © the Owner Societies 2017

than for monolayers at 30 mN m ™" at all investigated pH values
below pH 8 (ESLt Fig. S10 and S11). Above pH 8, the amine
groups are not charged. Unfortunately, 0010 and OO4 are the
only lipid monolayers measured at 5 mN m™". Interestingly,
0010 and TH14 have an identical protonation state most
probably due to similar molecular areas at pH 3. The results
are a good example for tuning the protonation state of lipids by
changing the chain pattern or the head group structure. The
introduction of one additional lysine moiety (TH14) in the head
group structure leads to a higher protonation degree compared
to TH10. The same increase can be obtained by changing the chain
pattern from saturated (TH10) to unsaturated (0010). The transi-
tion to a branched head group (TH10 to TH4) yields an even higher
protonation degree. But the most pronounced change in the
protonation state is obtained by the combination of structural
adjustments in the head group structure as well as in the chain
pattern (0O04). Therefore, the increase in protonation does not arise
from only one part of the lipid, but by the combination of them.
The same applies to the transfection efficiency. The transfection
efficiency is not determined solely by one structural domain of the
cationic lipid, but by the combination of them.

4.3.3 Estimation of the pK, value. From titration curves, it
is possible to calculate the pK, value. Usually the equilibrium of

bases and acids can be described as HA <% H* + A, where
H' is the acid, A~ the conjugate base, and HA the neutralized
species. If the neutralizing reaction is completed, there will be a
jump in the titration curve, where the pH value drastically
changes. The important point for the calculation of the pK,
value is where only half of the species is neutralized because
here [A™] = [HA] and therefore K, only depends on the concen-
tration of hydronium ions as K, = [H']. The relationship
between the pH, pK,, [HA] and [A7] is described by the
Henderson-Hasselbalch*® approximation:

pH ~ pK, + logloM
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Table 3 pK, values of the investigated lipids at 30 mN m™

pK, value

Lysine (solution) 10.3 (e-amino) and 8.9 (x-amino)
TH10 5

0010 5.6

TH4 59

OH4 —

004 6

TH14 4.3

OH14 —

0014 5.1

The investigated transfection lipids contain primary amine groups
in the head groups, which can be protonated. For the estimation of
the pK, values at the air-liquid-interface, the accessibility of amine
groups was considered as equal in this work. Further equations,
taking the influence of the counter ion and the surface potential
into account, can be found elsewhere.***’

The pK, depends strongly on the properties of the chemical
structure such as charge, the choice of atoms (their electro-
negativity values), their ability to be stabilized through resonance,
inductive effects to stabilize conjugated bases and their orbital
hybridization (increasing acidity with increasing s character sp’,
sp> and sp for hydrocarbons). For the transfection lipids, the
pK, increases slightly with increasing chain fluidity (decreasing
packing density). All investigated transfection lipids have a smaller
pK, value than lysine itself (Table 3), indicating that their readiness
to act as proton donors is higher.

5. Conclusion

Several newly synthesized lysine-based amino-functionalized
lipids have been investigated over a wide range of subphase
pH using film balance and TRXF techniques to estimate their
protonation properties. These findings are important for further
interpretation of DNA adsorption experiments*® and finally to
find lead structures with high transfection efficiency. The results
demonstrate that the lipids with the smallest head group 10 are
deprotonated at pH 8 and the lipids with head groups 4 and 14
are deprotonated at pH 9, whereas at pH 3, the majority of
molecules in the monolayers of TH10, 0010, TH4, OH4, 004,
TH14, OH14 and 0014 have at least two protonated groups. For
the lipid 004, even 82% of the molecules are fully protonated
(three charged amine groups). In fact, the protonation degree
of the unsaturated lipids was always higher compared to
the saturated lipid with the same head group, which can be
explained by the effect of chain fluidization due to double
bonds. In general, a smaller packing density (lower charge
density) gives more space for protonation (linear dependence).
Furthermore, it was shown that the lipids with head group 4
(containing the branched tris(2-aminoethyl)amine spacer) have
the highest protonation degrees.

The next important question is how to relate the protonation
degree at a certain pH with the binding of DNA. DNA goes only
to the interfaces if the interaction with the interfaces is more
favorable than the interactions of this polyelectrolyte with the
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subphase molecules. The adsorption behavior of DNA is a
competition between an attractive surface potential and the
entropic repulsion, which keeps the polyelectrolyte in the sub-
phase. Since there is a charged monolayer at the interface, the
electrostatic interactions between DNA and lipid monolayers
depend on the charge density of the DNA and lipids,*” salt
concentration,*® and pH value.*® In case a DNA chain segment
adsorbs at the charged monolayer, the system loses translation
energy equal to the thermic energy (kgT, where kg is the
Boltzmann constant and 7 the temperature), but increases
the entropy due to the released counterions (Z-kgT, where Z is
the charge of the counterion). As a result, the surface charge
decreases and consequently an equilibrium of adsorption and
desorption will be established. For polyelectrolytes, this phe-
nomenon is described as the Manning condensation.’® This
means that even if there is only a weak charge at the interface,
which attracts a small amount of DNA, this will attract more
DNA to the interface. In addition, the DNA, which is already
present at the interfaces, affects the potential of the electrical
double layer in the way that the surface pH changes in accor-
dance with the Boltzmann equation. Thus, this leads to an
increase in the protonation degree of the present lipid mono-
layer and results in further binding of DNA molecules.>*>*
Another important observation is the influence of salts, always
present in biological systems, on the adsorption behavior. Dur-
ing adsorption, highly charged DNA replaces univalent ions in
the EDL near the charged monolayer. Increasing salt concen-
tration (decreasing Debye length) leads to a more compact ionic
atmosphere around the DNA. This decreases the effective charge
of DNA in solution and leads to an increasing amount of
adsorbed DNA necessary for the compensation of the monolayer
surface charge.”* This observation is of great importance for
applications in gene transfection.

All these fundamental findings are important for determin-
ing the structure-activity relationship, which leads to a more
optimized lipid structure for gene transfection.'®*"> The
transfection efficiency is not determined solely by one struc-
tural domain of the cationic lipid, but by the combination of
them. The chemical structure of the lipid determines physical-
chemical properties like the lipoplex structure,®® charge density
and lipoplex size,>*® which influence the cellular up-take and
DNA release. Some lipids might have more binding capacity for
DNA, but for successful transfection it is also necessary to
release the material at a certain point. An optimum charge
density would be high enough to avoid endosomal entrapment
and low enough to release DNA efficiently.>®>” But even with an
optimized structure, the transfection efficiency depends on
additional parameters like the cell type and N/P ratio. In future,
we are going to correlate our presented findings with DNA
adsorption experiments and in vitro experiments on different
cell lines and at several N/P ratios.

Conflicts of interest

There are no conflicts of interest to declare.

This journal is © the Owner Societies 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c7cp03107f

Open Access Article. Published on 11 July 2017. Downloaded on 5/31/2026 3:27:12 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PCCP

Abbreviations

a.u. Arbitrary units

n/A-Isotherm  Surface pressure/molecular area-isotherm

ct-DNA Calf thymus deoxyribonucleic acid

DODAB Dioctadecyldimethylammonium bromide

HRMS High resolution mass spectrometry (electron
spray coupled orbitrap)

ESI-MS Electron spray ionization mass spectrometry

GIXD Grazing incidence X-ray diffraction

NMR Nuclear magnetic resonance

OH14 N-{6-Amino-1-[N-(9Z)-octadec-9-enylamino]-1-
oxohexan-(2S)-2-yl}-N'-2-(N-{(25)-2,6-diamino-
1-oxohexyltamino)ethyl]-2-hexadecylpropan-
diamide

OH4 N-{6-Amino-1-[N-(9Z)-octadec-9-enylamino]-1-
oxohexan-(25)-2-yl}-N'-{2-[N,N-bis(2-aminoethyl)-
amino]ethyl}-2-hexadecylpropandiamide

0010 N-(2-Aminoethyl)-N'-{6-amino-1-[N-(92)-
octadec-9-enylamino]-1-oxohexan-(2S5)-2-yl}-2-
[(9Z)-octadec-9-enyl[propandiamide

0014 N-{6-Amino-1-[N-(9Z)-octadec-9-enylamino]-1-
oxohexan-(2S5)-2-yl}-N'-[2-(N-{(2S)-2,6-diamino-
1-oxohexyltamino)ethyl]-2-[(9Z)-octadec-9-enyl]-
propandiamide

004 N-{6-Amino-1-[N-(9Z)-octadec-9-enylamino]-1-
oxohexan-(2S)-2-yl}-N'-{2-[N,N-bis(2-aminoethyl)-
aminoJethyl}-2-[(9Z)-octadec-9-enyl|propan-
diamide

pK, Acid dissociation constant

TH10 N-(2-Aminoethyl)-N’-[6-amino-1-oxo-1-(N-tetra-
decylamino)hexan-(25)-2-yl]-2-hexadecylpropandi-
amide

TH14 N-[6-Amino-1-oxo-1-(N-tetradecylamino)hexan-
(25)-2-y1]-N'-[2-(N-{(2S)-2,6-diamino-1-oxohexyl}-
amino)ethyl]-2-hexadecylpropandiamide

THA4 N-{6-Amino-1-oxo-1-(N-tetradecylamino)hexan-
(28)-2-yl]-N'-{2-[N,N-bis(2-aminoethyl)amino]-
ethyl}-2-hexadecylpropandiamide

TRXF Total reflection X-ray fluorescence

XRR X-ray reflectivity
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