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Abstract: We have developed N,N'-dialkylmethylenediimidazolium salts

([C,C,DIM][X],) that self-organize into multilayered cationic vesicles and can in- Reypords Rditmidazo iU sal S

teract with DNA. These preorganized systems form complexes with linear DNA

and protect it from DNase I cleavage.

Introduction

The imidazole group, which is an effective structural unit
found at the active site of various proteins and nucleic acids,
plays a key role in the biological function of these macromo-
lecules when in its nonprotonated or protonated form.!!! The
imidazolium cation has similar properties to the pyridinium
cation in that it retains a positive charge and its salts possess
ionic liquid properties.”! Moreover, it has been demonstrat-
ed that the presence of imidazolium groups in a lipid can be
beneficial for DNA complexation and many polyimines or
polyamines have shown efficacy in nonviral gene therapy.
In analogy with the imidazolium cation, N,N'-disubstituted
methylene diimidazolium salts seem to be an interesting rec-
ognition motif for the assembly of novel architectures with
tunable physicochemical properties. For a better understand-
ing of diimidazolium self-organization and to develop new
applications, we have synthesized and studied N,N'-disubsti-
tuted diimidazolium derivatives and investigated their inter-
action with DNA as potential gene therapy systems.
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Results and Discussion

The choice of surfactant needed to obtain a well-defined,
self-organized system remains an important question be-
cause it can be difficult to predict. In general, the type of ag-
gregate is dependent on the effective van der Waals enve-
lope around the wide polar head group and the narrow
apolar tail(s). For example, a conical-shaped envelope gives
a micelle, whereas a cylindrical one gives a planar bilayer.
The most common types of aggregates are 1) micelles, 2) cy-
lindrical micelles, 3) vesicles, 4) bilayers, and 5) inverted mi-
celles (Table 1). The packing parameter (PP) concept was

Table 1. Relationship between packing parameter (PP) and the aggre-
gate structure.

PP Aggregate structure
<1/3 micelle

1/3-172 cylindrical micelle
1/2-1 vesicle

1 bilayer

>1 inverted micelle

developed over thirty years ago to predict the aggregate
structure (Table 1). This parameter is defined as the ratio of
the surfactant tail volume, v,, to the surface area of the head
group, a, times the chain length, /,, of the tail of the surfac-
tant [Eq. (1)].1¥

_ Y
PP = al 1)

In general, double-tailed surfactants (for example, di-n-
dodecyl-dimethylammonium salts) are known to form vesi-
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cles readily.”! On the other hand, among reported applica-
tions of imidazolium salts® we demonstrated previously
that N-alkyl-N-methylimidazolium can be very useful in mi-
cellar catalysis.”! The methylene diimidazolium cation is
useful in orienting the lateral alkyl chains. In analogy with
the conventional double-tailed surfactants, N,N'-dialkylme-
thylenediimidazolium dication salts ([C,C,DIM][X],) can be
versatile building blocks to obtain stable vesicles. To guide
us in the selection of promising surfactant molecules, we cal-
culated the PP for several diimidazolium salts using
MOPAC2009.! To gain better insight into their geometrical
parameters in aqueous solution, we performed a computa-
tional study using the PM6/SCF-MO method, at the restrict-
ed Hartree-Fock level, with COSMO (conductor-like
screening model) parameters, since the COSMO method is
useful for determining the stability of various species in an
aqueous environment.”’

As shown in Figure 1, the effective van der Waals enve-
lope of the diimidazolium cation (without anions) gives a
cylinder and a planar bilayer is likely to be obtained in the

Figure 1. Minimized structures (PM6/COSMO, MOPAC2009TM) of N,N'-dialkylmethylenediimidazolium salts:
a) [C,C,DIM], ') [C,,C},DIM] side view, b) 2, ¢) 4, d) [C;,C;sDIM], d') [C;,C,sDIM] side view, e) 3, f) 5 (the

dashed lines represent the van der Waals interactions (overlap > —0.4 A)).

aggregate. However, the proximity of the counterion is an
important parameter. Addition of the anion results in the
formation of a truncated cone that may allow the formation
of bilayer vesicles. In addition to forming electrostatic inter-
actions with the anions, the imidazolium ring can also be in-
volved in hydrogen bonds. By molecular modeling, we ob-
served that the two triflate anions (four hydrogen bonds,
three of which are very strong, Table 2) are in closer prox-
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Table 2. Hydrogen-bonding analysis after energy minimization for vari-
ous N,N'-dialkylmethylenediimidazolium salts.[

Compound  H,~X[A] HX[A] C~H,~X[] Cq~HzX][]
5 247 2.79 142.8 141.3
2.41 2.83 146.3 1412
4 1.76 1.79 156.9 156.5
175 2.68 149.5 130.3
3 2.51 2.58 140.5 143.0
2.51 2.57 140.1 1432
5 176 1.79 157.8 155.7
176 2.69 150.1 129.2

[a] PM6/COSMO, MOPAC2009.

imity to the dication than the two bromide ions. By increas-
ing the length of the alkyl chains, more hydrophobic con-
tacts were obtained (see Figure 1). Moreover, as seen in Fig-
ure 1c, for the more hydrophobic CF; group of the triflate
anion, more van der Waals interactions occur with the alkyl
chain compared with the case in which bromide is the coun-
terion.

To gain better insight into the
plausible aggregates for each
optimized structure, the PP
value was calculated by taking
into consideration the hydro-
phobic  volume, the chain
length, and the head group sur-
faces obtained after energy
minimization (Table 3).1%

Knowing the PP and the geo-
metrical parameters can also be
useful for predicting certain pa-
rameters for a spherical bilayer
vesicle [Egs.(2) and (3) and

2/ M/ A%
NN
1]
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Table 3].11
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The results presented in
Table 3 show that in the ab-
sence of the anions, the PP is
very close to one (i.e., planar
bilayers are predicted). Howev-

er, the presence of anions close
to the dication sufficiently enhances the surface area of the
head group to allow vesicle formation. The predicted size of
the bilayer vesicles decreases as the size of the anions in-
creases.

The last parameter that can be estimated from molecular
modeling is the solubility of diimidazolium salts in aqueous
solution. This method compares the calculated hydration en-
thalpies of salts [Eq. (4) and Table 4].
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Table 3. PP values of various N,N-dialkylmethylenediimidazolium salts.
X X
=00
N +)N
Eh WY

<

n=6,10
X = Br, TfO

[CerCe:DIMIIX]

Single molecule parameter Bilayer vesicle parameter

60 18.8 730 0.65 46 3
a] See Equation (1). [b] See Equation (2). [c] See Equation (3).

a[A? 0§ [A] v [A] PP RMIA] RM[A]

[C,CLDIM] 40 138 556 098 - -
2 50 13.8 556 0.81 66 5
3 50 18.8 730 0.78 77 5
4 60 13.8 556 0.67 37 4
[CisCisDIM] 40 188 730 1.01 - -
5

[

Table 4. Calculated hydration enthalpies, entropies, and free energies
(AH yarations AShyarations AGhyaration) Of various N,N'-dialkylmethylenediimi-
dazolium salts. (The estimated error limits by MOPAC are 3 calmol ™' for
AS and 8 kcalmol ! for AH and AG.)

Compound AH, hydration AShydmlion AGhydralion
[kcalmol™] [calmol™!] [kcalmol™]

2 63.7 —15.7 68.4

4 45.7 —-27.7 53.9

3 56.7 -31.1 66.0

5 479 —-8.1 50.3

AGhydration = (AHf(gas) _AHt'(water) ) - T(S(gas) _S(water) ) (4)

The value of AGyygion decreases following the order
[C,C,DIM]([Br], (2)>[CysCsDIM][Br], (3)>[C,,C,DIM]-
[TfO], (4) >[C,(C,,DIM][TfO], (5). Thus, compound 2 pos-
sesses the best affinity for water. All of the salts presented
above seem to have the ability to form vesicles. However, a
possible limitation to this is their water solubility, especially
for the salts with triflate as the counterion.

The N,N’-dialkylmethylenediimidazolium bromide salts 2
and 3 were synthesized from methylene diimidazole (1)!%
by wusing 1-bromododecane or 1-bromohexadecane in
CH;CN at 80°C over 2 days (Scheme 1). Compounds 4 and
5 were synthesized by using methylene diimidazole (1) and
dodecyl- or hexadecyltrifluoromethanesulfonate in CH;CN
at 85°C, overnight. The triflate derivatives were obtained
from dodecan-1-ol or hexadecane-1-ol by using triflate anhy-
dride and polyvinylpyridine in CH,Cl, for 2 h at 0°C.["}

The in silico predictions were confirmed by surface-ten-
sion measurements (critical vesicle concentration CVC),
zeta potential (C), and electron microscopy studies. As pre-
dicted by molecular modeling, compound 5 was completely
water insoluble. The surface tension curves of 2, 3, and 4 are
presented in the Supporting Information. The CVC of 4
(0.9 um) decreases due to the increased hydrophobicity of
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Scheme 1. Synthesis of [C,C,DIM][Br], and [C,C,DIM][TfO],.

the triflate counterion compared with 2 (2 um). It should be
noted that the surface tension values and CVC are not influ-
enced by the alkyl chain length, since the same CVC values
were obtained for 2 and 3.

The morphology of the organized aggregates formed by 2,
3, and 4 above the CVC were investigated by dynamic light
scattering (DLS) at 633 nm and scanning electron microsco-
py (SEM). The same size distributions of the aggregates
were obtained at different concentrations for all the diimi-
dazolium salts. The hydrodynamic diameter of the aggre-
gates increased with the alkyl chain length (C,, versus Ci,
Table 5) and with the size of the anion (Br versus TfO). The

Table 5. Hydrodynamic diameter and C potential of 2, 3, and 4 without
(—) and with (+) linear DNA.!

Compound  DNA Hydrodynamic  Polydispersity T potential
(20ng)  diameter [nm] index (PI) [mV]

2 - 179+£19 0.42+£0.06 +49+6
+ 234+4 0.41+£0.06 +23+4

3 - 262+7 0.45+0.02 +72+3
+ 768+£13 0.54+0.05 +32+3

4 - 515416 0.38+£0.01 +11+1
+ 693+32 0.59+0.05 —-9+1

[a] Compounds 2, 3, and 4 were used in concentrations of 57 um.

three derivatives exhibit positive T potentials (Table 5),
since the electric charge distribution on the surface of the
vesicles is positive. The vesicles formed by 4 had a lower ¢
potential than 2 and 3. This is probably due to a stronger in-
teraction between the triflate anion and the imidazolium
cation.

The distributions of the hydrodynamic diameters, cen-
tered at about 180 nm for 2, 260 nm for 3,and 515 nm for 4,
correspond to large aggregates, which were proven to be
vesicles by SEM. SEM images revealed that spherical vesi-
cles were indeed formed in aqueous solution at concentra-
tions higher than their CVC for all three salts (Figure 2).
The diameters of these vesicles were between 2.1 (Fig-
ure 2A) and 3.2 pm (Figure 2B and C), in accordance with
the observation of the large aggregates in the DLS plot. It
can be suggested that these vesicles possess a multilayered
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Figure 2. Electron microscopy images of 2 (A), 3 (B), and 4 (C) at a con-
centration of 10 um. The inset shows a schematic representation of the
multilayered structure of the vesicles.

structure, in which the alkyl tails are slightly tilted and inter-
calate with each other to form a bilayer cationic structure,
alternating with an anionic layer, as shown in the inset of
Figure 2. With a longer spacer or a different anion, similar
results were obtained for compounds 3 and 4.

When these vesicles are formed, the positively charged
diimidazolium groups are located at the surface of the bilay-
er, as indicated by the positive T potentials of the aggre-
gates. As a result, ionic interaction with a negatively charged
molecule (e.g., DNA) should be more difficult for the tri-
flate derivative 4 than for the bromide derivatives 2 and 3.
To test this hypothesis, complexation assays with linear
DNA were performed.!'

DNA complexation was undertaken with a linear DNA
fragment obtained by digestion of the circular pQE32-gTG
plasmid with the restriction enzyme Xhol. The linearized
pQE32-¢gTG DNA was incubated for 30 min at 37°C with
50 um of 2 or 3 or with 100 um of 4. The formation of com-
plexes between the linear DNA and the cationic [C,C,DIM]
[X] vesicles can be observed in Figure 3. A commonly used
method to characterize cationic vesicle/DNA complexes is
to measure their migration in agarose gel electrophoresis.
The DNA band completely disappeared in the presence of 2
and 3 indicating the formation of a strong complex
(Figure 3). Compound 4 shows a less intense DNA band
than the reference DNA lane, indicating a partial complexa-
tion. The formation of the DNA complexes with 2, 3, and 4
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Figure 3. Gel electrophoresis for DNA complexation, protection, and re-
lease. Lane 1: marker [M]; lane 2: pQE32-gTG [R]; lanes 3 and 4: com-
plex pQE32-¢TG-2 before and after SDS treatment; lanes 5 and 6: com-
plex pQE32-gTG-3 before and after SDS; lanes7 and 8: complex
pQE32-gTG-4 before and after SDS; lane 9: pQE32-gTG+DNase I;
lanes 10-12: complexes pQE32-gTG-2—4 incubated with DNase I then re-
leased with SDS.

were also studied by DLS. Of note in Table 5 is the in-
creased vesicle size in the presence of DNA and the changes
in surface charge; all of the complexes possess inferior T po-
tentials than those in the absence of DNA. The hydrody-
namic diameter for the three DNA/N,N'-dialkylmethylene-
diimidazolium complexes are higher than the diameter of
the vesicles obtained in the absence of DNA (Table 5). The
DNA complexes formed with 2 and 3 have a decreased posi-
tive charge on the surface. As the final charge is still posi-
tive, we assume that at this stoichiometry the entire DNA is
complexed by the diimidazolium cationic vesicles. In the
case of the complex of 4 with DNA, a negative surface
charge is observed, indicating that the DNA is not totally
bound. This weaker interaction between the triflate deriva-
tive and DNA was also observed by electrophoresis.

The morphological changes in these complexes compared
with the free vesicles were investigated by SEM (Figure 4).
A more compact aggregate was observed in the presence of
DNA. We propose that DNA is predominantly entrapped

1 um

Figure 4. Electron microscopy images of 2 (A) and 3 (B) with linear
DNA.
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within the bilayers of the vesicles, presumably bound to the
inner cationic charges with only a minor portion of DNA in-
teracting with surface cationic charges of the vesicles, given
the observed changes in surface T potential (Table 5).

A prerequisite for use as a DNA vector is that liposomes
or other DNA carriers should not only have the ability to
bind DNA, but also to release DNA from the complex. It
was previously shown that sodium dodecylsulfate (SDS) is
able to electrostatically compete with DNA bound to cation-
ic surface charges and release it into the medium.®! From
Figure 3 it appears that incubation of the complexes with
SDS readily released the DNA from the vesicles.

Since the DNA binding ability of these diimidazolium
salts has been demonstrated, the capacity of the diimidazoli-
um salts to protect bound DNA from enzymatic cleavage
was studied. The DNA/diimidazolium complexes were treat-
ed with DNase I and then released from the vesicles with
SDS. As seen in Figure 3 (lanes 9-12), we observed the com-
plete disappearance of the free DNA band in the absence of
any diimidazolium salt, due to digestion with the DNase I.
In contrast, DNA entrapped within diimidazolium salt vesi-
cles was protected from nuclease attack in biological media.
The intact DNA band was released in the presence of SDS,
with the same intensity for 2 and 3, and a weaker intensity
for 4. These results show that DNA complexation was prob-
ably not complete in the case of 4, whereas cationic vesicles
formed by the diimidazolium bromide salts offer an efficient
DNA protection system. This result also confirmed that
DNA was entrapped within the bilayer and it was not com-
plexed exclusively on the vesicle surface.

The ease with which the physicochemical and biological
properties of these imidazolium salts can be modified en-
courages us to study their potential for gene transfer in
vitro. Each new system has advantages and disadvantages
and the selection of a suitable vector depends on the context
of a given therapeutic strategy. Bearing in mind the limita-
tions of current cationic systems, it is important to gain a
deeper understanding of the complex correlation of physico-
chemistry and biology to be able to rationally design vectors
that overcome systemic, cellular, and molecular barriers to
genetic therapy.

Conclusion

N,N'-Dialkylmethylenediimidazolium salts were synthesized
and showed self-organization into multilayer vesicles that
exhibited hydrodynamic diameters varying according to
alkyl chain length or the nature of the anion. These vesicles
possess positive charges on their surface, allowing them to
interact with DNA. Linear DNA was complexed by these
self-organized systems to give stable complexes that protect-
ed the DNA from enzymatic cleavage. Complete release of
the bound DNA was obtained by dissociating the complex
with SDS. These diimidazolium dibromide salts are the first
step towards the development of nonviral cationic systems
containing multiple imidazolium groups.
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Experimental Section

General: Imidazole, 1-bromododecane, 1-bromohexadecane, triflate an-
hydride, polyvinylpyrine, MgSO,, and NaHCO; were obtained from Al-
drich. Acetonitrile (CH;CN), dichloromethane and diethyl ether were
purchased from EMD. SDS was obtained from Bio-rad and Agar from
Bioshop. MilliQ water was used for the electronic microscopy assays and
the DNA studies. DNase I was obtained from Invitrogen and plasmid
pQE32-¢gTG!" from Joelle N. Pelletier (Université de Montréal). 'H and
BCNMR spectra were recorded on a Bruker spectrometer at 400 and
300, orl00 and 75 MHz, respectively, in the indicated solvent. Chemical
shifts are reported in ppm with internal reference to TMS. High-resolu-
tion mass spectra were recorded on a LC-MSD-TOF instrument from
Agilent technologies in positive electrospray mode in general. Either pro-
tonated molecular ions [M]** or sodium adducts [M+Na]* were used for
empirical formula confirmation. The microscopic images were taken by a
JSM-7600F scanning electron microscope with a field-emission gun
(JEOL). Each wet sample was deposited on the polished surface of a
brass stub and dried under vacuum prior to the SEM observations. The
hydrodynamic diameters, the polydipersity indices and the T potentials
were measured by dynamic light scattering at 633 nm on a Zetamaster S
dynamic light scattering instrument (Malvern Instruments).

Molecular modeling: All calculations were performed on a Windows
Vista platform. To assess the energy content for various molecules de-
signed, semiempirical quantum calculations were undertaken by using
the PM6 method in gas phase or in aqueous solution (MOPAC2009;
Stewart Computational Chemistry). For the solution, an implicit model
was created, namely, the COSMO model. The COSMO method (conduc-
tor-like screening model) is useful for determining the stability of various
species in a solvent environment, particularly in water. Theoretical calcu-
lations were carried out at the restricted Hartree—Fock level (RHF) using
the PM6 semi-empirical SCF-MO methods. For water simulation, a rela-
tive permissivity of 78.4 was employed with up to 92 surface segments
per atom for the COSMO model being used to construct a solvent acces-
sible surface area based on van der Waals radii. All structures were opti-
mized to a gradient inferior to 0.1 using the eigenvector following
method. The enthalpies and entropies were calculated from a thermody-
namic calculation after geometric minimization (recycling of the final ge-
ometry with the THERMO keyword). The free hydration energy is de-
fined as the difference between the gas and solution phases. For the cal-
culation of the PP values, after the geometric optimization, molecular
volumes were calculated as COSMO volumes, and tail lengths were mea-
sured directly from the optimized geometry as the length from the N
atom to the terminal atom of the tail. Head group areas (with anions)
were calculated by assuming a spherical head geometry. The MOPAC
Cartesian coordinates were generated with OpenBabel 2.2.0 graphical in-
terface (Chris Morley) from the geometries obtained with ArgusLab
UFFE. After MOPAC geometry optimization, the output files were
opened with Molda 6.5 and final pictures were obtained with UCSF Chi-
mera (Regents of the University of California).

N,N'-Didodecylmethylenediimidazolium dibromide (2): 1-Bromodode-
cane (13.4 mmol) was added to a solution of methylene diimidazole 1
(6.7 mmol) in CH;CN (15 mL) and the mixture was stirred for 48 h at
80°C. The mixture was filtered and the white solid was washed with Et,0O
to give the pure product as a white solid in an isolated yield of 25%.
M.p. >200°C; 'H NMR (300 MHz, [D¢{]DMSO): 6=9.74 (s, 2H), 8.17 (d,
2H, J=15Hz), 794 (d, 2H, J=12Hz), 6.79 (s, 2H), 423 (t, 4H, J=
72Hz), 1.74-1.85 (m, 4H), 1.21-1.29 (m, 36H), 0.84 ppm (t, 6H, J=
6.6 Hz); "CNMR (75 MHz, [Ds]DMSO): 6=137.5, 123.1, 122.1, 57.9,
49.3, 31.3, 29.2, 29.1, 29.0, 28.9, 28.8, 28.7, 28.4, 25.5, 22.1, 13.9; HRMS
(ESI): m/z caled for Cy HsgN 2 [M]**: 243.2325; found: 243.2329.

N,N'-Dihexadecylmethylenediimidazolium dibromide (3): 1-Bromohexa-
decane (13.4 mmol) was added to a solution of methylene diimidazole
(6.7 mmol) in CH;CN (15 mL) and the mixture was stirred for 48 h at
80°C. The mixture was filtered and the white solid was washed with Et,0O
to give the pure product as a white solid in an isolated yield of 39%.
M.p. 198-200°C (dec.); '"HNMR (300 MHz, CD;0D): 6=8.04 (d, 2H,
J=2.1Hz), 7.81 (d, 2H, J=2.1 Hz), 6.81 (s, 2H), 430 (t, 4H, J=7.6 Hz),
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1.81-1.99 (m, 4H), 125-1.39 (m, 52H), 0.90ppm (, 6H, J=
6.6 Hz);"C NMR (75 MHz, CD;OD): 6=139.2, 124.8, 123.5, 59.9, 51.6,
33.1, 30.9, 30.8, 30.7, 30.6, 30.5, 30.2, 30.1, 27.3, 27.2, 23.7, 14.5 ppm;
HRMS (ESI): m/z calcd for C3,H,,N,2T [M]*F: 299.2951; found: 299.2949.

N,N'-Didodecylmethylenediimidazolium ditriflate (4): Dodecan-1-ol
(5.4 mmol) and polyvinylpryridine (6.21 mmol) were added to CH,Cl,
(50 mL). The mixture was cooled to 0°C and sulfonic trifluoromethane
anhydride (1.36 mL, 1.5 equiv) was added dropwise. The mixture was
stirred for 2h at 0°C and filtered. The solid was washed with CH,Cl,
(5 mL)and the filtrate was washed with a saturated aqueous solution of
NaHCOs;, dried with MgSO,, and concentrated under reduced pressure
to give a yellow oil. CH;CN (25mL) then methylene bisimidazole
(2.7 mmol) were added to the oil. The mixture was stirred at 85°C over-
night. Then the mixture was filtered and the white solid was washed with
Et,0 to give the pure product as a white solid in an isolated yield of
76%. M.p. 161-163°C (dec.); 'HNMR (400 MHz, CD;0D): §=7.82 (s,
2H), 7.90 (s, 2H), 6.66 (s, 2H), 4.27 (s, 4H), 1.92-1.95 (m, 4H), 1.27 (s,
36H), 0.88 ppm (t, 6H, J=6.7 Hz); "C NMR (100 MHz, CD;0D): §=
138.7, 124.5, 124.4, 124.0, 123.4, 123.1, 119.8, 58.4, 50.6, 41.5, 41.3, 41.2,
41.0, 39.8, 32.6, 30.2, 30.1, 30.0, 29.9, 29.7, 29.6, 26.7, 23.4, 15.2 ppm;
HRMS (ESI): m/z caled for Cy HsgNt [M]*: 243.2325; found: 243.2318.

N,N'-Dihexadecylmethylenediimidazolium ditriflate (5): Hexadecan-1-ol
(4 mmol) and polyvinylpryridine (4.6 mmol) were added to CH,Cl,
(50 mL). The mixture was cooled to 0°C and sulfonic trifluoromethane
anhydride (1.00 mL, 1.5 equiv) was added dropwise. The mixture was
stirred 3 h to 0°C at RT and filtered. The solid was washed with CH,Cl,
(5 mL) and the filtrate was washed with a saturated aqueous solution of
NaHCOs;, dried with MgSO,, and concentrated under reduced pressure
to give a yellow oil. CH;CN (25mL) then methylene bisimidazole
(2 mmol) were added to the oil. The mixture was stirred at 85°C over-
night. Then the mixture was filtered and the white solid was washed with
Et,0 to give the pure product as a white solid in an isolated yield of
23%. M.p. 143-145°C (dec.); 'H NMR (300 MHz, [D{]DMSO): 6=9.40
(s,2H), 7.97 (t, 2H. J=1.7 Hz), 7.88 (t, 2H, J=1.7 Hz), 6.60 (s, 2H), 4.20
(t,4H, J=7.2 Hz), 1.76-1.81 (m, 4H), 1.23 (s, 54H), 0.84 ppm (t, 6H, /=
6.4 Hz); "CNMR (75 MHz, [D(]DMSO): §=136.9, 122.7, 121.7, 57.9,
48.8, 30.8, 28.6, 28.4, 28.3, 28.0, 25,0, 21.6, 13.4 ppm; HRMS (ESI): m/z
caled for CyH,, N2+ [M]*+: 299.2951; found: 299.2963.

Electron microscopy: Diimidazolium salts were dissolved in water to give
a 10 um solution. The sample was obtained by evaporation of a drop of
the solution under reduced pressure. The observations were done with a
JSM-7600F scanning electron microscope at 2 kV and the pictures were
taken with a conventional secondary electron detector (SEI) with a top-
ography contrast.

Surface tension measurements: The processor tensiometer DCAT 11
(Dataphysics) and the Wilhelmy plate method were used for the surface
tension measurements. A concentrated solution was installed in a syringe
and the addition of small volumes to ultrapure water (double-distilled
water, 0=72.0mNm™' at 25°C) was used to increase the solution con-
centration. After each addition, the solution was gently stirred for 30s.
Equilibrium surface tension was measured at each concentration. All sur-
face tension values were mean quantities of at least three measurements.
The standard deviation of the mean never deviated more than +1.5%.
The precision of the force transducer of the surface tension apparatus
was 0.l mNm™' and before each experiment, the platinum plate was
cleaned in a red/orange-colored flame.

Particle size and {-potential measurements: The hydrodynamic diameters
of the vesicles formed from the derivatives as well as that of the corre-
sponding complexes were measured by dynamic light scattering at
633 nm on a Zetamaster S dynamic light scattering instrument (Malvern
Instruments) at 25°C and at a detection angle of 173°. All of the meas-
urements were performed in triplicate. The T-potential measurements
were also performed using the same instrument at a detection angle of
173° in triplicate.

Preparation of complexes from diimidazolium salts and DNA: The DNA
plasmid pQE32-gTG, used for the preparation of the DNA complexes is
a plasmid-encoding guinea pig transglutaminase. The circular plasmid
(15pL at 50nguL"') was digested with Xhol restriction enzyme
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(12.5 puL) in lyse buffer (50 uL total volume) furnished by the supplier.
Following incubation for 1h at 37°C, the linear plasmid was obtained
and this solution (10 pL) was incubated with diimidazolium derivative
(10 uL) for 30 min at 37°C to form the complex. Finally, an aliquot
(8 uL) of each sample was subjected to agarose gel electrophoresis (1%
agarose) in Tris-acetate-EDTA (TAE; EDTA =ethylenediaminetetraace-
tic acid) buffer.

DNase protection assays: pQE32-gTG (10 uL at 2 nguL™') was mixed
with an equal volume of stock solution of diimidazolium derivative and
incubated for 30 min at 37°C. A solution of DNase I (1 uL, 0.02 UpuL™")
was added to the mixture and incubated for 1 h at 37°C. After digestion,
a 10% SDS solution (2 pL) was added and the samples were incubated
for 15 min at 65°C. Finally, an aliquot (8 uL) of each sample was subject-
ed to agarose gel electrophoresis (1% agarose) in TAE buffer.
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