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Dicationic (also known as gemini or dimeric) bis-alkylimidazolium surfactants belong to a group of non-viral
transfection systems proposed for the successful introduction of different types of nucleic acids (i.e., SiRNA,
DNA oligomers, and plasmid DNA) into living cells. Our studies reveal the formation of complexes
composed of dicationic (gemini) surfactants, 3,3’-[a,w-(dioxaalkane)]bis(1-dodecylimidazolium)chlorides,
and 21 base pair deoxyribonucleic acid duplexes (dsDNA). The studied dsDNA and its complex formation
process was analysed by small-angle X-ray scattering (SAXS), molecular modelling (dsDNA), agarose gel
electrophoresis (AGE) and circular dichroism spectroscopy (CD). We observed the formation of stable
complexes for charge ratio values of p/n > 2. Moreover, we noted conformational changes similar to
those observed during the transition of B-DNA to C-DNA, X-DNA, and Z-DNA in several spatial
structures (i.e., micellar, hexagonal and cubic) formed in mixtures. The surfactants used in this study

were investigated for the influence of dioxaalkane spacer length and the presence of an imidazolium
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Accepted 25th April 2017 moiety on the complexation process. The complexes formed were stable, and the complexation process

was reproducible and efficient. Toxicity tests done on Hela cells allowed for the determination of non-
DOI: 10.1039/c6ra249789 toxic concentrations of studied surfactants. Transfection tests have confirmed that the studied surfactant

rsc.li/rsc-advances systems are effective DNA carriers.

membrane has led to the development of a broad range of viral
vectors, but these vectors are limited with respect to the size of

Introduction

The efficient treatment of a broad spectrum of genetic diseases,
cancer, and neurodegenerative diseases presents a great chal-
lenge for modern medicine. The diversity of the development
and symptoms of various genetic diseases poses considerable
problems for identifying satisfactory therapeutic methods.'?
The recent development of gene therapy holds great promise for
efficient treatment of these diseases. This therapeutic method
relies on the delivery of a biologically active nucleotide
sequence (i.e., a transgene) to target cells in order to block or
eliminate pathological processes on the molecular level (for
a review, see ref. 1-11). Gene therapy remains a major challenge
due to the natural barriers possessed by living organisms.* The
main difficulties in implementing gene therapy are the
successful introduction of therapeutic material into the cell,
unloading the transgene from the carrier, carrier degradation,
and specific transgene placement at the target site (e.g:, tissue or
cell).** The natural ability of viruses to penetrate the cell
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the plasmid that can be encapsulated.”*> Non-viral gene delivery
systems (i.e., gene carriers) based on synthetic gemini surfac-
tants are non-toxic, non-immunogenic and show a high trans-
fection efficiency comparable to that of viral carriers.* The
structure of these amphiphilic molecules is presented in Fig. 1.

hydrophobic tail

polar head groups

spacer group

Fig. 1 Generic structure of a gemini surfactant.
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The spacer group within a gemini surfactant molecule exhibits
variable chemical and geometric properties (i.e., rigid vs. flex-
ible and polar vs. nonpolar).>*®

Due to their specific construction, gemini surfactants exhibit
unique properties. The high solubility, surface activity and
unique physical properties of dicationic surfactants have led to
their extensive study, including their application in gene
therapy as a synthetic gene delivery vehicle.®** In therapeutic
applications, the working concentration of a gemini surfactant
in a gene delivery system is critical; it must be low enough so as
not to induce cytotoxic effects but sufficient to create a lasting
and stable carrier and to guarantee the release of the thera-
peutic material inside the cell.***® Ideally, the resultant surface
charge of the complex is essentially neutral. This condition
occurs when the maximum number of surfactants is complexed
with a DNA molecule, resulting in a reduction of the negative
charge of DNA via its electrostatic interaction with positively
charged groups of the surfactant molecules. For gene therapy,
the effective transfection systems typically are characterised by
a charge ratio, p/n, of 1 to 10."® Such structures exhibit the best
transfection properties due to a lower tendency towards exces-
sive aggregation than positive “transhipped” complexes.”® In
addition, the micellization concentration (CMC) of a gemini
surfactant is a critical parameter for determining the lowest
concentration at which the formation of micelles is observed.’
Generally, the CMC for gemini surfactants is much lower
(typically by more than 10-fold) than that of a monomeric
surfactant due to the short-range interactions between free
surfactant molecules, which increase self-aggregation.*® The
process of DNA compaction by gemini surfactants has been
examined in numerous studies. In one study, Wettig et al.
assessed in vitro transfection using a series of m-s-m- and 12-s-
12-type surfactants with the helper lipids DOPE and DMPC and
calf thymus DNA."* Transfection efficiency was found to depend
on spacer group length.>'®?* Furthermore, studies of the
circular dichroism (CD) of plasmid-gemini surfactant systems
demonstrated the induction of -phase DNA, which is a tightly
packed, condensed form of DNA."?* In 2013, Zhou et al. re-
ported the in vitro transfection of human embryonic kidney 293
(HEK293) and HeLa cells using homogenous DNA/[C;,-4-C1,im]
Br, nanoparticles, showing that these complexes are efficient
gene vectors."’

The goal of the present study was to fully characterise the
interactions between short dsDNA (21 bp) and the gemini
surfactants 3,3'-[a,w-(dioxaalkane)]bis(1-dodecyllimidazolium)
chlorides using small-angle X-ray scattering, molecular model-
ling (dsDNA), circular dichroism and electrophoresis. Addi-
tionally, the qualitative (morphological observation) and
quantitative (the MTT assay) tests of the toxicity of the surfac-
tants were performed on the model HeLa cell line.

Experimental
Materials and methods

Samples. Ten dicationic (gemini) 3,3'-[a,w-(dioxaalkane)]
bis(1-dodecyllimidazolium)chloride surfactants (C;,JC,, where
n is the number of methylene groups in the alkyl spacer; n = 2,
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3,4,5,6,7,8,9,10 and 12) (Fig. 2) were synthesised and purified
according to a previously described procedure*™* and were
a generous gift from Dr Andrzej Skrzypczak (Poznan University
of Technology, Poland). These surfactants are composed of two
imidazolium rings (as the head groups) separated by a diox-
aalkyl spacer group; they have identical dodecyl side chains
(hydrophobic tails) and differ in the length of the spacer group
[from 1,6-(2,5-dioxahexane) to 1,16-(2,15-dioxahexadecane)].

The deoxyribonucleic acid duplex was 21 base pairs in length
and was composed of the following sequence:

5" GTTACGACAATCCTGTTTCTT 3’

3’ TTCAATGCTGTTAGGACAAAG 5’

These DNA oligomers were synthesised by Future Synthesis
(Poznan, Poland) and were dissolved in 10 mM phosphate
buffer, pH 7.0, for all experiments.

Preparation of lipoplexes. Stock solutions (10 mM) of the
studied surfactants were prepared by dissolving an appropriate
amount of the powdered surfactant in 10 mM sodium phos-
phate, pH 7.0. The dsDNA stock solution (1.2 mg mL™", 98 uM)
was prepared in the same phosphate buffer. Then, a series of
lipoplexes were prepared by mixing identical volumes (1 : 1) of
stock dsDNA solution with diluted surfactant solutions
(concentrations: 10 mM, 8.4 mM, 6.3 mM, 4.2 mM, 3.15 mM,
2.1 mM, 1.58 mM, 1.05 mM, 0.525 mM and 0.273 mM). These
surfactant concentrations were chosen to maintain the appro-
priate p/n (the gemini surfactant to DNA charge ratio). Final
lipoplexes were characterised by the following p/n values: 5, 4, 3,
2, 1.5, 1, 0.75, 0.5, 0.25 and 0.125.

To specify the charge ratio between gemini surfactants and
DNA, we used p/n parameter (1), defined as the value of posi-
tively charged surfactant head groups (p) and the negative
charges accumulated on the phosphate residues of DNA chains

(n):

]_7: N4 Csurf [1)
n n_CpNA

where n, and n_ are the number of positive and negative

charges, respectively, and cg,,r and cpna are the concentrations

of surfactant and DNA, respectively. Values of p/n < 10 are

typically used for gene therapy.*
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Fig. 2 Chemical structure of 3,3'-[a,w-(dioxaalkane)lbis(1-dodecylli-
midazolium) chlorides (C1,JC,,, n =2,3,4,5,6,7, 8,9, 10 and 12).
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All steps were carried out at room temperature, and the
complexation time was approximately 25 min. Before the
preparation of lipoplexes, all solutions of dicationic surfactants
were sonicated at 45 °C for 15 min to homogenise the solutions.

Agarose gel electrophoresis. Electrophoresis was performed
according to the standard procedure. Ten microliters of each
freshly prepared lipoplex was mixed with 4 pL of extender
buffer. Then, the mixtures were loaded onto a 1% (w/w) agarose
gel containing ethidium bromide in Tris/borate electrophoretic
buffer (TBE). Electrophoresis was conducted for 45 min at
130 V. After the experiment, the gels were visualised using the
Syngene G:BOX imaging system.

Circular dichroism spectroscopy (CD). CD measurements
were performed using a JASCO spectrometer ]J-815 (Jasco, Tokyo,
Japan). All spectra were acquired at wavelengths ranging from
200 to 350 nm at a scan rate 50 nm min ' in a 0.5 mm path
length quartz cuvette. Every spectrum was determined by the
average of five independent measurements taken at room
temperature. Each lipoplex sample measuring p/n = 3 was
centrifuged at 1000g for 1 min. Centrifugation was applied
because of the increased turbidity of solutions after the addition
of dsDNA, which is caused by the self-organisation of surfac-
tants in solution and the consequent formation of spatial
structures.

Small angle X-ray scattering (SAXS). Solution scattering
measurements were carried out using the BioSAXS system on
the P12 undulator beamline of the EMBL Hamburg Outstation
on a Petra III storage ring at DESY (Deutsches Elektronen-
Synchrotron, Hamburg, Germany).>® The scattering patterns of
the dsDNA solution and DNA-lipoplexes were recorded for
reference using a photon counting Pilatus 2M pixel detector
(253 x 288 mm”) mounted at a sample-to-detector distance of
3500 mm (scattering vector range: 0.08 > s >4.5 nm ', where s =
47 sin 20/A and wavelength A = 0.154 nm). SAXS data were
collected in 20 successive 100 ms frames. All measurements
were taken in a capillary flow cell equipped with autosampling
(sample volume 10 pL) at 15 °C. All recorded frames were
compared for possible radiation damage, averaged, and then
corrected for detector response and normalised to the incident
beam intensity. The scattering pattern of the buffer was sub-
tracted using the PRIMUS program from the ATSAS package.>®

Toxicity tests. The surfactant cytotoxicity was checked for the
entire range of concentrations for each of C;,JC, dicationic
surfactants (concentration range from 0.625 uM to 400 pM).

Qualitative assessment. HeLa cells were cultured for experi-
ments using a standard procedure in DMEM medium (Lonza
Walkers Ville Inc., USA) supplemented with 10% FBS and
appropriate antibiotic/antimycotic agents. To the cultured HeLa
cells (confluence approx. 80%) 1 uL of the surfactant of the
appropriate concentration was added to 99 pL DMEM medium
(without FBS and antibiotics). Then, the cultures were incu-
bated for one hour in an atmosphere of 5% CO, at 37 °C.
Morphological changes in the HeLa cells after one hour incu-
bation were evaluated under a Zeiss Axiovert microscope (Carl
Zeiss, Germany).

Quantitative assessment. Quantitative tests on previously
prepared HeLa cells were performed using the MTT Cell
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Proliferation Assay Kit (Cayman Chemicals, USA).>” Absorption
at a wavelength of 565 nm (MTT assay) was measured using
a Tecan Infinite M200pro microplate reader (Méinnedorf,
Switzerland).

Transfection tests using fluorescently labeled DNA. 1 pL of
an aqueous surfactant solution (concentration: 4 mM) was
mixed with an equal volume of fluorescein isothiocyanate
(FITC) labeled ssDNA (concentration 100 pM). This oligomer
was composed of the following sequence: 5'-C(AGC),;A-3’ and
was synthesized by Future Synthesis (Poznan, Poland). The
mixture was incubated for 20 minutes at room temperature. 20
uL of EMEM culture medium (Lonza) was added to the complex
mixture and reincubated for 15 minutes. The mixture was
added to fibroblast cell culture (cell line: GM 07492) growing in
confluence of about 60% in a total volume of 100 pL of the
culture medium. After the culture incubation for 1 hour, the
microscopic observation was conducted using a fluorescence
microscope (Axiovert, Zeiss) using an appropriate filter for FITC
visualization (excitation/emission peak wavelengths was 495
nm/519 nm). Prior to microscopic observation, the culture
medium was removed and the plates were flooded with PBS
buffer to reduce the autofluorescence of the culture medium.

Results and discussion
Complexation between C;,]JC, and dsDNA

In the first stage of our study, we analysed the electrophoretic
mobility of lipoplexes selected for our study of ten gemini
surfactants. The agarose gel electrophoresis of the selected
DNA/gemini surfactant lipoplexes is presented in Fig. 3. The
creation of lipoplexes with the studied gemini surfactants is
driven by the interaction of positively charged surfactant head
groups, located on an imidazolium ring, and the negative
charges accumulated on the phosphate residues of dsDNA
chains. In the case of optimal complexation, the total charge of
polyanions should be compensated for at p/n > 3, where we also
observe the partial precipitation of solutions. These structures
have a neutral character that is manifested by the total inhibi-
tion of the electrophoretic mobility of DNA in an electric
field.""” As shown in Fig. 3 and S1 (ESI{), the mobility of dsDNA
was reduced with increasing p/n charge ratios, indicating that
C;,JC, surfactants are able to effectively neutralise the dsDNA
charge and participate in the complexation of nucleic acids. For
gene therapy, such complexes are the most essential because
high concentrations of surfactants may be toxic to cells. In some
fully complexed systems, we did not observe any precipitation;
moreover, at high surfactant concentrations, the total charge of
the complexes was predominantly positive, as indicated by
migration to the opposite side of the gel. The electrophoretic
tests provide only a qualitative analysis of the complexation
process and do not reveal any information regarding the
structure of the analysed lipoplexes. Therefore, to better char-
acterise the studied systems, we implemented SAXS studies and
circular dichroism spectroscopy. We expected that the obtained
DNA/C4,]JC,, lipoplexes would create liposomal, lamellar or
sponge-phase structures, as suggested by previous SAXS studies
of similar systems.”**

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 Agarose gel electrophoresis of the studied lipoplexes: (a) C12JC,/dsDNA, (b) C1,JC4/dsDNA, (c) C12JCs/dsDNA, (d) C;12JCg/dsDNA, (e)
C12JC10/dsDNA and (f) C1,JC1,/dsDNA. The effect of partial condensation is clearly visible at p/n = 3 (gel ¢) and p/n = 4 (gel d); M means DNA

molecular weight marker.

Structural characterisation of dsDNA and C,,JC,/dsDNA
lipoplexes

To obtain information on the structure of the studied initial
dsDNA oligomer in solution and the microstructures of dsDNA
complexes with gemini surfactants, we utilised the SAXS tech-
nique. We first performed shape determination studies for the
dsDNA molecule in solution using the DAMMIN®** program
from the ATSAS software package. Fig. 4a and b present the
experimental scattering curve and the pair-distance distribution
function p(R) calculated for the studied dsDNA oligomer. The
maximum intramolecular distance (D, calculated using the
P(R) function was 7.2 nm, and the radius of gyration calculated
by fitting to the Guinier equation was 2.19 nm. These structural
data were used as initial parameters for shape determination
studies, which were supplemented by molecular modelling of
the studied DNA oligomer.

Based on the nucleotide sequence of the studied dsDNA
oligomer, we generated its structure in the NAB (Nucleic Acid
Builder) function of the AMBER program.* The model obtained
is shown in Fig. 5. This model fits very well with the low-
resolution model proposed by DAMMIN and is characterised
by similar structural parameters, 7.2 nm in length and 2.2 nm in
diameter, which correspond to the values obtained using the
p(R) function for dsDNA of 21 base pairs in length. A direct
comparison of the ab initio model with experimental data was

This journal is © The Royal Society of Chemistry 2017

performed using the program CRYSOL?*® and exhibited a good
fit represented by x = 1.9. The fit of the theoretical scattering
curve generated for a low-resolution model to experimental
SAXS data is presented in Fig. 4a.

The next stage of structural analysis involved SAXS studies of
lipoplexes prepared with gemini surfactants. The experimental
SAXS data are summarised in Fig. 6 and S2 (ESIt), and it is
evident from this comparison that complexes of C;,JC,/dsDNA
form a variety of spatial structures. The scattering data were
deconvoluted using the PEAKFIT*” program, and the fit to the
experimental data is presented in Fig. 7. The analysis of the
diffraction peak positions and the probable structural phases is
summarised in Table 1.

The dsDNA oligomers can be surrounded by bilayers of
gemini surfactant molecules or can be concentrically arranged
inside the lipoplex (the hydrophobic tails are turned inward,
whereas the hydrophilic heads are exposed to the solution).
DNA lipoplexes can also form structures characterised by
a higher ordering degree, such as a lamellar (L{)-complex with
DNA rods sandwiched between the gemini surfactant bilayers.
In the hexagonal or inverted hexagonal (HY/H$) structures, DNA
rods are coated with surfactant tubular micelles arranged on
a hexagonal network** (Fig. 8). Taking into account these
properties, we observed several structural phases in all exam-
ined lipoplexes that often coexisted; we will divide them into

RSC Aadv., 2017, 7, 26006-26018 | 26009
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Fig. 4 The fit of the theoretical scattering curves for low-resolution
models obtained as a result of ab initio simulations in DAMMIN (red
line) and NAB (green line) to the experimental SAXS data (black dots)
(a). The intramolecular pair-distance distribution function p(R) calcu-
lated for the dsDNA oligomer based on experimental SAXS data (b).

7.2nm

Fig. 5 Superposition of a low-resolution ab initio model of the dsDNA
21 base pair oligomer obtained using DAMMIN and the theoretical
structure (helical) modelled in the NAB program with the designated
length and diameter of this molecule.

five groups for discussion. For lipoplexes prepared using C;,]JC,
and increasing concentrations of amphiphilic compound, we
observed the micellar phase (dyo; = 5 nm), hexagonal phase (d;,
= 4.33 nm) and what appeared to be two separate double-

26010 | RSC Adv., 2017, 7, 26006-26018
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Fig. 6 The SAXS patterns recorded for various lipoplexes. SAXS data
were shifted for clarity. The p/n values are marked on the right side.
The reciprocal spacings ratios are presented for each phase.®®
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Fig. 7 Deconvolution of the scattering curve for the C;,JC,/dsDNA
lipoplex (p/n = 4).

layered hexagonal (d,o = 9.18 nm and d;, = 9.67 nm) phases.
The phenomenon of micro-separation of two very similar
hexagonal phases occurring at the a certain p/n charge ratio can
be explained as the result of different packing densities of the
surfactant molecules in the presence of dsDNA.

The second group of studied lipoplexes contains systems
prepared using C;,JC; and C;,JC, surfactants. With increasing
concentrations of amphiphilic compound, we observed the
formation of a micellar phase and then hexagonal phases: at p/n
1.5-2, characterised by basal spacing d;o = 4.95 nm (a, = 5.73
nm), and at 3-5, characterised by d;, = 5.26 nm (@, = 6.07 nm).
For C;,JC, lipoplexes, we also observed an additional peak,
which can be ascribed to stacked DNA (spna = 1.59 nm ™). For
the next group of lipoplexes, prepared using C;,JCs and C;,]JCe
surfactants, the highest concentrations of surfactant (p/n 3-5)
produced a liposomal-like or even sponge phase®*™* (Fig. 8e).
This phase is characterised by dyo; = 4.36 nm (Fig. 6¢ p/n = 3).
With decreasing surfactant concentration, the inverted hexag-
onal phase (p/n = 0.75-3, d1o = 4.96 nm) and the micellar phase
occurred (p/n = 0.1-0.5, dgo; = 5 nm).

Another group of lipoplexes includes the systems prepared
from four surfactants (C;,JC,—C;,JCip). In this group, we
observed at the highest surfactant concentrations (p/n 3-5) the
liposomal-like or sponge phase (dyo; = 4.25 nm). At surfactant
concentrations with a charge ratio p/n ranging from 0.75 to 2,
a cubic structure'*** with lattice parameter a, = 8.38 nm is

View Article Online
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Fig. 8 Models of spatial structures formed by C;,JC,/dsDNA lip-
oplexes. (a) Hexagonal Hf phase, (b) double inverted hexagonal phase,
(c) cubic Pn3m phase, (d) lamellar phase LS, (e) liposomes/sponge
phase, (f) hexagonal HE phase. This representation is based on previ-
ously proposed models.>14.28:29.40

likely formed. At the highest concentrations of C;,JC;, surfac-
tant (p/n = 3-5), the lamellar phase is clearly visible, manifested
by strong peaks at dyo; = 4.08 nm and dyo, = 2.03 nm. The cubic
phase was also observed for C;,JC;, lipoplexes as a secondary
phase with a, = 8.80 nm (p/n = 0.1-2).

Table 1 Summary of structural phases observed in C;,JC,,/dsDNA systems

d-Spacing
Surfactant pin Observed phase of the observed phase [nm]
C1,JC, 0.1-1 Micellar 5.00
1.5-2 Inverted hexagonal 4.33
3-5 Double inverted hexagonal 9.18
9.67
C1,JCpy n = 3-4 0.1-1 Micellar 5.00
1.5-2 Inverted hexagonal 4.95
3-5 Inverted hexagonal 5.26
C1JCpyn = 5-6 0.1-0.5 Micellar 5.00
0.75-3 Inverted hexagonal 4.96
4-5 Liposomes/sponge 4.36
C1,JCypy n = 7-10 0.5-0.1 Micellar 5.00
0.75-2 Cubic 8.38
3-5 Liposomes/sponge 4.25
C12JCis 0.1-2 Cubic 8.80
3-5 Lamellar 4.08

This journal is © The Royal Society of Chemistry 2017
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When analysing the influence of individual surfactant
geometry on the ability to form certain structural phases, it is
important to recognize that the long and flexible spacer groups
in the surfactant molecules can undergo compaction (self-
coiling). Furthermore, there is no rule for binding surfactants
to dsDNA to create specific spatial forms. For example, the
hexagonal phase occurred both at medium and high charge
ratio values (p/n), whereas the electrophoretic mobility is
completely blocked only for the latter. In addition, the DNA
oligomer is not necessarily bound inside the tubular micelles in
the hexagonal phase but may also be present between cylinders
(Fig. 8). The d-spacing parameter would then reach practically
the same value. Such a situation has been predicted for
monomeric cationic surfactants* as well as cationic lipids."**

Conformational changes of dsDNA complexed with C;,JC,
surfactants

The next step in our analysis was to perform circular dichroism
studies of a reference dsDNA oligomer and its lipoplexes with the
studied dicationic surfactants. Due to the high turbidity of the
studied solutions, circular dichroism measurements for DNA
lipoplexes at high p/n values did not yield any CD signal. We
therefore applied centrifugation prior to CD measurements.
Additional electrophoresis testing of these samples showed
identical electrophoretic mobility of samples without centrifuga-
tion, indicating that the centrifugation process does not impact
the stability of the complexes. The obtained CD data are presented
in Fig. 9 and S3 (ESIt). The circular dichroism data obtained for
the reference solution dsDNA oligomer exhibit a characteristic
positive peak at approximately 282 nm and a minimum at
approximately 245 nm. The similar intensity of both bands and
the opposite sign and symmetry of the CD curve with respect to
the intersecting point (261 nm) attest to its semi-conserved
character. These features indicate that the duplex in solution
assumes the form of B-DNA, which is the most typical form of the
double-stranded native, fully hydrated DNA.* Moreover, the
solutions of surfactants alone does not absorb differently left and
right circularly polarized light (no circular dichroism signal).

CD spectra were measured for solutions of the DNA/C;,]JC,,
lipoplexes freshly prepared from the ten tested surfactants and
dsDNA, indicating significant changes in the conformation of
the DNA oligomer depending on the length of the spacer and
the concentration of the amphiphilic molecule studied. With
the extension of the linker group, we observed a progressive
deformation of the CD spectra of the DNA duplex. This process
can be attributed to both changes throughout the helix and
local interference in the geometry of nucleobases.**™** According
to previously reported CD analyses of DNA under different
conditions,******** the studied C;,JC,/DNA lipoplexes may
induce conformational changes typical of the B-DNA confor-
mation to the geometry observed for the C-DNA, X-DNA and Z-
DNA forms. These changes are discussed in detail later. It
should also be emphasised that the contribution to the recor-
ded CD signal was only from chromophores derived from
nucleic acid because surfactant molecules themselves do not
participate in CD signal.***
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At low concentrations, all tested surfactants (charge ratios
p/n = 0.125 and 0.25) caused fluctuations in the intensity of the
whole CD spectrum as well as a slight (1-2 nm) shift of the
positive band towards longer wavelengths. The reason for these
changes is the influence of electrostatic interactions between
the positively charged imidazolium groups of the surfactant and
negatively charged phosphate groups of dsDNA. Consequently,
the oligomers are surrounded by the surfactant molecules, with
the partial exposure of surfactant hydrophobic chains towards
the solvent. Such a binding pattern results in changes in the
solvation shell of the nucleic acid molecule and changes the
polarity of the local environment of nucleobases on a somewhat
smaller scale than previously noted.*®> The hydrophobic chains
of surfactants are combined, in the later stage of the self-
assembly process, with further surfactant molecules via hydro-
phobic interactions until the thermodynamic stabilisation of
the whole system is reached. According to SAXS studies at these
concentrations, the surfactants tend to form micelles (in fact,
all concentrations of surfactants used in this study were greater
than the CMC value). Electrophoretic tests indicate that in these
systems, however, dsDNA is not permanently complexed
because it retains some electrophoretic mobility. For systems
with p/n = 0.125 and 0.25, we also observed an increase in the
intensity and a broadening of the negative CD band at 245 nm
for gemini surfactants with a shorter spacer group (i.e., surfac-
tants from Cy,JC, to C;,JCo). These characteristics may arise
because molecules with shorter spacer groups more easily and
effectively interact with dsDNA. These surfactants may even
intercalate between the small and the large groove of the DNA
oligomer (Fig. 10) such that conformational changes of the
duplex are induced and are apparent in the CD spectrum.

As noted above, dehydration decreases the number of base
pairs on a single turn of the DNA double helix.®> On the basis of
the geometry of such a system, a single molecule of dsDNA may
be covered by more molecules of surfactant with a short spacer
group (C;,JC,) than with the long spacer (C;,JCy,). Therefore,
the water molecules will have also a more difficult access to the
DNA molecule. The local disorder of the hydration shell of
dsDNA at these charge ratios (p/n) will thus diminish with an
increasing length of the linker group of the surfactant, which is
evident in the CD spectra.

All these regularities illustrate the structural changes of the
dsDNA oligomer to the geometry similar to the C-DNA form.®*-%*
However, the obtained CD spectrum suggests the existence in
solution of only certain forms of the intermediates similar to C-
DNA, but we did not observe a typical curve of the C-DNA form.
According to structural studies, mainly involving the X-ray
diffraction of oligonucleotide crystals and solution and solid-
state NMR,>>°1>635¢ thig form is characterised by the reduced
helix radius in relation to the classic B-DNA helix. This form was
observed under relatively low humidity and has 8.8-9.7 base
pairs per turn.®”> The deviation of the base pairs' plane from the
axis of the C-DNA helix is approximately —8°,°> and the DNA
molecule is elongated. However, in C-DNA form, the funda-
mental geometric parameters of the helix (the conformation of
the deoxyribose position C2'-endo conformation and the anti-
torsion angle x of the glycoside bond) are not changed in

This journal is © The Royal Society of Chemistry 2017
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Fig.9 The CD spectra(a, b, ¢, d, e, and f) of dsDNA in complex with various C1,JC,,. The results show conformational changes characteristic of
several DNA forms depending on the surfactant structures present in the solution. The p/n values are marked on the right side.

relation to the B-DNA. In addition, the decrease in the intensity
of the positive band on the CD spectrum in the region of 280 nm
is generally proportional to the reduction in the number of base
pairs per turn of the helix.** This condition leads to a decrease
in the interaction of the chromophore with its closest neigh-
bours and an increased interaction with 2™ and 3™ closest
neighbours, which is manifested mainly in the form of the
abolition of positive bands in the region of 280 nm, and an
increase in the intensity of the negative band at approximately

This journal is © The Royal Society of Chemistry 2017

245 nm. As a result, the contribution to the resultant dipole
moment produces exciton-type transitions 7 — w* between
a nucleobase and pentose in the chain of dsDNA.**** The
interaction of polar groups of surfactants with DNA induces
conformational effects similar to the counter-ion influence (e.g.,
Mg”*, Li*) and results in the transition of nucleotides to the BI
and BII conformations.>*%62%¢ It is assumed, however, that this
structure is still a conformational variant of B-DNA because the
majority of nucleotides are in the BI conformation.>
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Fig. 10 The model of dsDNA oligomer and studied gemini surfactants
C12JC; and C4,JCy5. The molecules were rescaled to highlight the fit of
gemini surfactants, with the longest and shortest spacer group in the
fully extended conformation, into the major and a minor grooves of
DNA.

Similar changes in the CD spectrum were also observed in
the case of the interaction of the plasmid DNA with cationic
lipids (with a charge ratio p/n = 2), which are interpreted as the
formation of the -DNA form.** Additionally, other studies ***’
have shown a putative connection between {-DNA and C-DNA
forms. For DNA from calf thymus (3000-4000 bp) as well as from
E. coli, the C-DNA form in the solution containing Li" cations
was observed, which is likely a transitional form in the trans-
formation to the y-DNA form. Similar results were obtained for
calf thymus DNA complexed with polyhistidine.*” In the case of
the studied dsDNA oligomer, this molecule is too short (only 21
bp) to adopt a conformation similar to the ¢-DNA conforma-
tion.*~*>*” With increasing concentrations of surfactants in the
investigated systems (up to a value of p/n = 5), a significant
deformation of the CD spectra is observed. Based on the results
of SAXS and gel electrophoresis, it appears advisable to analyse
them separately, i.e., first, the lipoplexes with p/n from 0.5 to 2
and then the systems characterised by p/n from 3 to 5. It is clear
that the concentration of gemini surfactants at approximately p/
n = 2 is a type of critical value for phase transitions in these
solutions. The CD spectra reveal a flattening of the curve (even
signal decay) for short linker groups (C;,JC,-C1,]JCs) Or changes
in the shape of the curve showing the behaviour of dsDNA
conformational changes that have taken place at lower
concentrations of surfactant (C;,JC;-C1,]JC12).

Atvalues of p/n = 0.5-2 of surfactants from C;,JCs to C;,JC;5,
a reversed CD spectrum above 260 nm is observed. The rest of
the spectrum exhibits a disturbance in the form of a flattened or
reduced intensity. This cause of this behaviour is unclear. In
addition to the inversion of the CD spectrum in most cases, the
resulting signal decreases to a minimum as a function of
wavelength. The reason for this effect is likely a disorder of the
geometry of the dsDNA molecule, which results in a change in
the geometry of the helix. However, it is not known how these
changes affect the interaction with the nearest neighbours. For
the C;,JC,, C1,JC; and C;y,JC, surfactants, a reduction in the
intensity of positive and negative bands was observed in the
circular dichroism spectrum. Typically, the inversion of CD
spectra shows an inversion of helicity,"»** whereas at a partial
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signal inversion, this effect cannot be explicitly confirmed.
Similar CD studies were performed for various DNA oligomers
(TA), in the presence of monovalent cations (CsCl and CsF).>**’
The nucleic acid takes the form of X-DNA, which is charac-
terised by an increased degree of condensation compared to B-
DNA, because of the extreme propeller-twist and the bend of
nucleotides (adenine and thymine), whereas the conformation
of the deoxyribose (C2-endo) and the “anti” conformation of
torsion angle x of the glycosidic bond are preserved. This
condition is the reason for the formation of the negative band
near 280 nm and the absence of significant changes in the CD
spectrum below 260 nm. The X-DNA form is unstable in the
presence of cytosine and guanine in the polynucleotide chain
and in situations when the chain is extended over eight TA
repeats.” It is possible that the DNA duplex examined in this
study, which contains 31.8% CG pairs, exhibits only an
incomplete transition to the X-DNA form or to the other related
structural forms because of the described instability. The
studied systems included no caesium salts; however, certain
similarities of the CD spectra were obtained in these studies.
Additionally, the SAXS results show that lipoplexes of these
surfactants with the dsDNA form hexagonal phases (C;,JCy-
C1,JCs) and phases of cubic symmetry (C;,JC;-C1,]Cy2), and the
packing state in these phases can directly affect the oligomer
conformation.

In contrast to the low concentrations of surfactants (e.g., p/n
= 0.125, 0.25) in the discussed lipoplexes characterised by p/n
ratios = 0.5-2, the surfactants with a longer spacer group
caused greater changes in the conformation of dsDNA. Surfac-
tants C;,JC5s—C1,JC1, more significantly deformed the CD
spectrum even at p/n = 0.5. The reason for this behaviour may
be the self-organisation of amphiphilic molecules in highly
symmetric structures (hexagonal or cubic) or the self-coiling
process of the surfactant spacer group, leading to the forma-
tion of additional steric hindrance during the association of
surfactant molecules with DNA. In these concentrations of
gemini surfactants for these lipoplexes, we also did not observe
full DNA complexation, as the electrophoretic mobility of DNA
did not cease. Only in the case of the C;,]JC, surfactant did we
observe a significant decrease in the intensity of the electro-
phoretic band at p/n = 2. Gemini surfactants in aqueous solu-
tions are able to form spatial structures in solution (e.g,
micelles) without the presence of DNA." These structures likely
bind acid only partially, which is sufficient for the production of
diffraction peaks.

The highest concentration of surfactants used resulted in the
most desirable effect on the formation of a stable complex with
the oligomer dsDNA. SAXS studies indicated the presence of
a hexagonal structure in solution (C;,JC,-C3,]JC,) as well as
liposomal or sponge phases (C;,JC5s—C;1,JCy0) and the lamellar
structure (C;,JCq,). The CD signal for these mixtures can be
divided into 3 groups. Surfactants with a short spacer group
(C12JC5-C4,JCy) are likely flattened; the results of electropho-
resis indicate complete binding of the oligomer surfactants.
The CD signal can also be disrupted by the micro-separation of
newly formed phases.*

This journal is © The Royal Society of Chemistry 2017
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At the medium spacer group length (surfactants C;,JCs—
C12JCy0), we observed a significant conformational deformation
of circular dichroism curves, similar to that observed for lip-
oplexes at p/n = 0.5-2. In this case, however, with increasing
length of the spacer group, the CD signal shows a strong
minimum and moves significantly towards the longer wave-
lengths of up to 293 nm. However, these changes are similar to
the effects associated with the transition of B-DNA to Z-DNA
rather than X-DNA.*~**%” These two DNA forms, however, are
closely related, resulting in similarly shaped CD spectra. Crys-
tallographic studies have shown that both forms contain well-
characterised Hoogsteen's pairs.’*®*¢%7% Z.DNA is a left-
handed form of DNA, which may explain the inversion of the
spectrum, and is characterised by a CD spectrum minimum at
approximately 295 nm, likely due to perpendicular low-energy n
— Tt* transitions between successive conjugated oxygen atoms
of the carbonyl group in protonated cytosine. Moreover, it is
thought that Hoogsteen DNA may be a transitional phase
between B-DNA and Z-DNA, where nucleotides (A) are reversed
so that the carbonyl group assumes a conformation antitypical
of Z-DNA.® Part of the CD signal below 260 nm no longer has
characteristics similar to the spectrum of Z-DNA. This behav-
iour may be explained by a decrease in stacking interactions
caused by the additional protonation of cytosine N3 and by
stretching of the double helix.**”® This type of protonation
destabilises Z-DNA.®® For C;,]JC;, lipoplexes at a charge ratio of
p/n = 3-5, we noted a very interesting effect, unique to this type
of amphiphilic molecule. The positive band in the CD spectrum
at approximately 282 nm was shifted towards the longer wave-
lengths and slowly disappeared; then, with increasing surfac-
tant concentration, it grew in intensity and shifted towards
shorter wavelengths. These changes indicate a probable inver-
sion of helicity back to a right-handed form and disorder of
interaction within the closest few neighbours.

The results of circular dichroism do not allow us to clearly
state that the tested system has undergone a complete conver-
sion in the conformation of native B-DNA to C-DNA, X-DNA or Z-
DNA. However, we believe that the observed deformation of CD
spectra is the result of changes induced by gemini surfactants in
the studied dsDNA oligomer to the conformations observed for
these forms of DNA. Gemini surfactants, as well as other factors,
may cause transitions between different DNA conformational
forms by altering properties such as monovalent cations, ionic
strength, pH or humidity. In general, structural differences are
induced in DNA due mainly to the adjustment of the spatial
structure of native DNA to a conformation required for its bio-
logical function.>*¢%¢*7°

Toxicity of the surfactants to HeLa cells

Evaluation of the impact of the cytotoxic effect of a series of
dicationic surfactants, differing in the length of the linker, on
the culture HeLa tumor cells included the qualitative and
quantitative tests. Differences in the C;,JC, surfactant toxicity
were observed associated with increasing length of the alkyl
chain in the linker. Microscopic observations carried out on
HelLa cells, after incubation under defined conditions, showed

This journal is © The Royal Society of Chemistry 2017

View Article Online

RSC Advances

significant morphological changes in the cell number in
cultures to which a surfactant had been in different concen-
trations (Fig. 11a). Microscopic observations did not show any
significant morphological changes in the cell number for all
tested surfactants in concentration from 0.625 UM to 2.5 uM. At
higher concentrations (6.25-3.125 pM), a tendency to slower the
growth rate of HeLa cells and a small morphological changes of
the cells were observed, although the magnitude of the changes
was different for different surfactants. The cells tolerance
towards C;,JC, surfactants with shorter spacer groups was
greater. The concentrations of surfactant in the range from 6.25
uM to 80 uM resulted in significant morphological changes in
the cells, such as appearing granularity, and the low prolifera-
tive potential. For very high concentrations of surfactants, in the
range of 80 uM to 400 pM complete destruction of cell
membranes was noted, which means an extremely high
mortality rate in the HeLa cultures tested.

During the next stages of the experiment, the quantitative
assessment of cytotoxicity of the studied gemini surfactants was
performed. A colorimetric MTT assay was chosen. This assay
based on capturing the MTT molecule by the cells studied
which is then reduced to the formazan molecule by intracellular
oxidoreductases NAD(P)H. This assay allows the measurement
of the activity of mitochondrial energy conversion processes,
and thus the number of living cells (metabolically active) in
a tested population. In this assay the effective concentration
(ECso), corresponding to the concentration of the tested
compound in which proliferation of cells cultured in vitro is
inhibited by 50% relative to control culture is determined.

MTT tests showed that the presence of C;,JC, surfactants in
high concentrations in the culture medium has a great influ-
ence on the number of living cells. As a consequence, different
values of the ECs5, parameter for the surfactants tested were
noted (Table 2). The increasing length of alkyl chain in the
spacer group resulted in decreasing of the effective concentra-
tion of surfactant affecting the biological activity of cells (see
Fig. 11b and c).

Transfection tests

Considering the results of electrophoretic tests, for the trans-
fection test were selected, as the most optimal, the complexes
characterized by p/n = 2. The results obtained show the various
efficacy of penetration of the test DNA into fibroblast cells. Two
of the complexes tested, based on C;,JCyo and C;,]JC;, surfac-
tants, resulted in complete degradation of the cells at selected
concentrations. These results agree with previous surfactant
toxicity tests on HeLa cells and average cell survival in the
surfactant environment (exemplary fluorescent image is pre-
sented in Fig. 12), other tests are presented in and Fig. S4 and S5
(ESIY). For the other surfactants tested, we observed effective
transfection into fibroblast cells. In conclusion, most of the
tested DNA complexes with selected surfactants exhibit good
transfection properties at p/n = 2. It is also worth noting, that
we have previously characterized the interaction of selected
C1,JC,, surfactants’” with bovine serum albumin (BSA), which
is a component of FBS used in transfection tests.
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Fig. 11 (a) Hela cells 1 hour after adding C;,JC; solution in increasing

concentrations. Red squares shows concentrations causes cells death
and green squares shows concentrations with still living cells. (b) ECsg
values for all surfactants. (c) Absorbance of Hela cells after 1 hour
incubation in solution of C1,JC.
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Table 2 Summary of ECsq values calculated for C1,JC,
ECso [HM] AECs;, [HM]
C1,JC, 5.74 0.33
C1,JCs 5.56 0.26
C12JC,y 4.94 0.49
C1,JCs 3.92 0.62
C1,JCs 3.87 0.42
C1,JCs 4.04 0.53
C12JCsg 4.24 0.34
C12JCo 3.88 0.44
C15)JC1o 3.61 0.53
C12JCro 3.61 0.96
a) C,IC
b)

Fig. 12 Exemplary photos from fluorescent microscope of fibroblast
cultures transfected by the use of fluorescently labelled ssDNA olig-
omer and dicationic surfactants C;,JCs (a) and C1,JCg (b).

Conclusions

Based on the results of gel electrophoresis, SAXS and CD
studies, we determined that stable complexes of dsDNA oligo-
mers and gemini surfactants of the C;,JC, type are formed at
charge ratio (p/n) values greater than 2. We found that the
length of the spacer group influences this process; the best
complexing surfactants possessed a short spacer group (C;,JC,4)
or a very flexible one (Cy,JC;,). However, this relationship was
not constant and was dependent on the geometry of the

This journal is © The Royal Society of Chemistry 2017
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surfactant molecule. The length of the spacer group is critical
for the sustainable oligomer binding by the studied dicationic
surfactants because this geometry corresponded most closely to
the structural parameters set by the large and small grooves of
dsDNA. Considering the probability of creating specific spatial
structures in the studied mixtures of surfactants and dsDNA, we
must also take into account the possibility of self-organisation
of both the components themselves (i.e., the micellization of
surfactants) and the studied lipoplexes. As a result, lipoplexes
that are hexagonal (both single and double layered), lamellar
and liposomal/sponge type should be tested. Furthermore, the
analysis of circular dichroism spectra supported the conclusion
that conformational changes of oligomer dsDNA in surfactant
solutions resulted in the formation of DNA forms resembling
the geometry of C-DNA, X-DNA and Z-DNA. Because of their
geometry, the dsDNA molecules are unlikely to resemble the
structure of Y-DNA. Toxicity tests have shown that the concen-
tration of surfactants used are safe for the HeLa cell after one
hour incubation. Finally, the transfection tests on the fibro-
blasts cultures have also confirmed, that the studied surfactant
systems can be used as effective DNA carriers.
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