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The DNA conformational changes induced by different members of the N,N’'-bis(dimethyldodecyl)-a-w-
alkanediammonium dibromide series (m-s-m, m = 12, s = 3 and 6) and the analogous series of
hexadecyl gemini surfactants (m = 16, s = 3 and 6) were investigated in aqueous media by means of
circular dichroism (CD), zeta potential, dynamic light scattering (DLS), viscometry, and atomic force
microscopy (AFM) methods. The measurements were carried out by varying the gemini surfactant—DNA
molar ratio, R = Cp,-s-m/Cpna. For the conditions investigated two significantly different conformational
changes were observed, the second of them being worth noting. At low molar ratios, all methods
concurred by showing that gemini surfactants were able to form ordered aggregates which precedes
DNA compaction. The second effect observed, at high molar ratios, corresponds to the transition from

the compact state to a new more extended conformation. The degree of decompaction and the
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1. Introduction

The understanding of the interaction between double
stranded (ds) DNA and cationic gemini surfactants will have a
broad bearing on many important applications from drug
delivery* to the translocation of DNA across the cell for the
purpose of gene therapy.” These applications require that
genetic material is placed inside the cell in order to produce
an effective medical treatment. However, the entry of naked
DNA into the cell nucleus would need to resolve two funda-
mental problems: (1) the polyelectrolyte character of DNA
polynucleotide gives rise to electrostatic repulsion when the
DNA is approximated to the negatively charged cell
membrane,? (2) the steric restrictions inside the cell which are
able to hinder the DNA transportation to the nucleous.* To
achieve these requirements, DNA first has to form a positively
charged complex and then, needs to modify its conformation
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from an extended coil state to a compact globular state in
order to adapt its structure to tine specific sites in the cell. The
collapse process by which extended polynucleotide chains
modify their structures into compact particles is called
condensation, which is a common process for native
genomes.” The controlled DNA condensation has been
demonstrated to be possible with a variety of reagents such as
enzymes,® multivalent ions,”® alcohols,”*® polyamines,™
metal complexes,”” nanoparticles,” and cationic surfac-
tants.**® In this regard, the gemini surfactants have received
a lot of attention recently due to its unique physicochemical
properties, low cytotoxicity and potential bactericidal prop-
erties.”' Due to their positive charge, low toxicity and the
strong capacity as DNA complexing agents, the cationic
gemini surfactant-DNA systems are suitable to be properly
transferred to living cells. Accordingly, motivated by the
promising application of these cationic surfactants in gene
delivery, several groups have explored the efficiency of these
vectors on DNA compaction.'®'?*?' Among a variety of
gemini surfactants, those that possess a small spacer (s = 3)
present better DNA compaction efficiency.”** In spite of
some progress having been made in understanding the DNA
compaction processes induced by gemini surfactants, these
are not yet well understood. In particular, the interactions of
DNA with the 16-s-16 series have been less explored. Hence, a
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thorough study of the effect of the tail and spacer length on
DNA compaction seems to be pertinent.

Even though the compaction of DNA is relevant in drug
delivery and gene therapy, the study of the dissociation of
DNA/gemini surfactants complexes in the appropriate place is
also crucial to ensure the final transfection.”® Accordingly,
once the compact DNA molecule arrives in the nucleus, it
needs to be accessible to the cell enzymatic machinery.
However, this final step is only possible if decompaction
occurs or if the degree of compaction of the DNA is not too
high.?>**” Therefore, from an application viewpoint, controlling
the balance between compacted/decompacted DNA structures
with different gemini surfactant concentrations could be a
matter of critical interest. In this regard, recent investigations
have demonstrated that reversible compaction is possible in
DNA-CTAB systems, without using additional chemical
agents, by using a high surfactant content.” The mechanism
of DNA decompaction induced by CTAB was explained by
postulating the existence of sphere-rod transitions in CTAB
micelles, the latter being favored by an increase of bromide
anions in solution.*® However, the factors that control the
DNA-CTAB decompaction remain unclear. Different from
conventional monomeric surfactants, the aggregation
behavior of gemini surfactants in solution is controlled by
both inter-molecular and intra-molecular interactions of these
surfactants, along with their interactions with solvents.”® In
comparison with their conventional counterparts, gemini
surfactants, composed of two hydrophobic chains and two
hydrophilic head groups covalently attached through a spacer,
present strong self-aggregation ability.”® In addition, variety in
spacer length generates a great tendency to form a variety of
aggregate structures, such as tubule aggregates,***° elongated
vesicles®* and rod-like or worm-like micelles®* in aqueous
solutions. Atkin et al. postulated that in the gemini surfactants
12-s-12 with a short spacer (s < 3) the head groups are close in
proximity and they can assemble, forming flattened ellipsoidal
aggregates structures in aqueous solution, when the surfac-
tant concentration is increased.*® These aggregate structures,
however, are strikingly different from those observed in
gemini surfactants with longer spacers (12-s-12 with s = 6).
Due to the increase in the head group area, the surfactant
chains interact with each other promoting the formation of
more flattened aggregates of higher curvature. We believe that
these aggregation properties can be applied to effectively
influence the conformational behavior of m-s-m/DNA systems.
Therefore, the purpose of this study was to investigate whether
gemini surfactants are able to induce reversible DNA
compaction/decompaction phenomena in aqueous solutions
at different molar ratios. The choice of 12-3-12, 12-6-12, 16-3-
16 and 16-6-16 gemini surfactants (see Fig. S11) was made to
explore the effect of varying the size of the tail together with
the spacer's length on the conformational changes of the
polynucleotide. The results obtained here show that switching
DNA conformation is possible using the appropriate gemini
structure (as a complexing agent), as well as a suitable
surfactant concentration to achieve the critical C,,s.,,/Cpona
molar ratio.
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2. Experimental section
2.1. Materials

Calf thymus DNA was purchased from Pharmacia and used
without further purification since preliminary experiments
showed that purification did not make a difference in the
experimental results. An agarose gel electrophoresis test using
ethidium bromide indicated that the average number of base
pairs per DNA molecule was greater than 10 000 bp.** Poly-
nucleotide concentrations, given in phosphate groups, were
determined spectrophotometrically from the molar absorptivity
(6600 M~ cm™ " at 260 nm).** Sodium cacodylate and 3-ami-
nopropyltriethoxilane (APTES) were purchased from Sigma-
Aldrich. All reagents were used as purchased. The water used
in the preparation of solutions had a conductivity of less than
10~®Sm ™. All measurements were performed at pH 7.0 (0.01 M
NaCac buffer where NaCac = sodium cacodylate = (CHj3),-
AsO,Na) and 298.2 + 0.1 K. The total concentrations of the
polynucleotide and the gemini surfactants in a working solu-
tion will now be referred to as Cpna and Cy,.s.m, respectively; the
molar ratio C,,.s.,/Cpna Will be designated as R.

2.2. Synthesis and characterization of gemini surfactants

For the synthesis of the gemini surfactant compounds a mixture
of a,w-dibromoalkane (0.05 mol) and N,N-dimethylalkylamine
(0.12 mol) in acetonitrile (100 mL) was stirred under reflux for
20 h. Upon cooling a white solid was recovered by filtration. All
products were recrystallized from ethyl acetate up to five times
and dried under vacuum.*® Characterization of the gemini
surfactants was based on mass spectrometry results with
detection of fragments in the third quadrupole,”” nuclear
magnetic resonance spectroscopy experiments, elemental
analysis and surface tension experiments. The critical micelle
concentrations (CMC) of the gemini surfactants were measured
by the surface tension technique. The measured CMC values
were collected in Table S1,T which are in good agreement with
the previous values registered by Zana et al.®® The character-
ization techniques used for gemini surfactants are described in
the ESIT section of the paper.

2.3. Methods

2.3.1. Viscosity measurements. Viscosity measurements
were carried out employing an Ostwald viscosimeter, immersed
in a thermostatic water bath. Each value of the viscosity was the
average of 10 measurements. The flow time of the samples was
measured after a thermal equilibrium time of 15 min. The
viscosimetric measurements were done at Cpya = 1 X 107 * M
and varying the C,,.,, concentration. For the 12-s-12 (s = 3, 6)
series a R ratio was explored in the range of 0.0025-5.0. Owing to
the low CMC values which the 16-s-16 series of gemini surfac-
tants present (see Table S1t), it was determined that it was not
feasible to explore the viscosity changes in the high R range
(only the R ranges were explored from 0.0025 to 0.25). Data have
been presented as (/1,)"/® versus the R ratio,
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where ¢, t5o1y and ¢tpna denote respectively the flow time of the
sample (m-s-m-DNA mixture), the flow time of the solvent and
the flow time of 1 x 10~* M DNA. 7 is the viscosity of DNA in the
presence of the surfactants, while 7, is the viscosity of DNA in
the absence of gemini surfactants.

2.3.2. CD measurements. CD spectra were recorded in a
Biologic Mos-450 spectropolarimeter. The measurements were
performed in a standard quartz cell of 1 cm path length in the
220-320 nm range. For each spectrum 5-10 runs were averaged
with a 5 min equilibration interval before each scan. All the
spectra were recorded using a fixed concentration of DNA in the
absence and in the presence of varying amounts of gemini
surfactants in order to obtain the appropriate molar ratio R.
Concentration of DNA used for the 12-s-12 (s = 3, 6) series of
gemini surfactants was 5 x 10~> M, while for the 16-5-16 (s = 3,
6) series a DNA concentration of 1 x 10~> M was employed.
Different polymer concentrations were chosen to ensure, on the
basis of the data of Table S1,7 the work below CMC of the
surfactants. The spectra were expressed in terms of molar
ellipticity, [6].

2.3.3. Dynamic light scattering (DLS) measurements. The
size and distribution of DNA and gemini surfactants-DNA
complexes were characterized by means of the DLS technique
using a Zetasizer Model ZS-90 (Malvern Instrument, Ltd., UK).
The sample was illuminated with a laser with a fixed detection
arrangement of 90° to the center of the cell area to analyze the
intensity fluctuation in the scattered light. At least 5 size
measurements were taken for each sample and the relative error
for hydrodynamic diameter was calculated to be <5%. A DNA
concentration of 5 x 10~° M was used and the gemini surfac-
tant concentration was varied so as to keep the R ratio in the
range of 0.03-5.0. All the samples were analyzed before 60 min
of equilibration. The results were obtained in terms of average
hydrodynamic diameters, giving the percentage of different
complexes obtained in solution.

2.3.4. Zeta potential measurements. Zeta potential experi-
ments were carried out with a Zetasizer Nano ZS Malvern
Instrument Ltd. (UK), which measured the electrophoretic
mobility of the sample from the velocity of the particles using a
laser doppler velocimeter (LDV). A DTS1060 polycarbonate
capillary cell was used. All the measurements were done at a
fixed Cpnya = 5 x 107° M and the gemini surfactant concen-
tration was varied so as to keep the R ratio in the range of 0.03-
5.0.

2.3.5. Atomic force microscopy measurements (AFM). The
AFM images were obtained with a Molecular Imaging Picoscan
2500 (Agilent technologies). Silicon cantilevers (Model Pointp-
robe, Nanoworld) with a resonance frequency of around
240 kHz and a nominal force constant of 42 N m™ " were used.
All AFM imaging was recording in air and in tapping mode, with
scan speeds of about 0.5 Hz and data collection at 256 x 256
pixels. Due to the large size of DNA molecules, in order to obtain
images of isolated DNA molecules, it was necessary to use dilute
solutions (3 x 10”7 M). For solution modification of the mica
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surface, 0.1% (v/v) APTES solution was dropped onto a freshly
cleaved mica surface, incubated for 20 min, the surface washed
with ultrapure water, and then air-dried. Subsequently, a total
of 30 uL of DNA (or DNA/gemini surfactant) solution was
dropped onto this modified surface, adsorbed for 60 min,
washed with doubly distilled water, and air dried for AFM
imaging. For some of the samples in which DNA-surfactant
complexes had a positive charge (see below), the mica surface
did not have to be modified for the species present in the
solution to be adsorbed. To do this, 30 pL of DNA-surfactant
solution was directly dropped onto a freshly cleaved mica
surface and incubated for 60 min. Then, the same procedure
described above was followed.

3. Results

3.1. Viscosity measurements

In Fig. 1A, the viscosity ratio, (n/no)l/ 3, was plotted as a function

of the R molar ratio for the 12-3-12/DNA and 12-6-12/DNA
systems. The complexity of the analysed systems is confirmed
by the viscosity trend that changes its features depending on the
reagents ratio. In such a way that the viscosity trend at first is
ascending (Cp,s.m/Cpna < 0.025), subsequently it descends until
reaching a minimum (C,.5,,/Cpna = 0.35-0.50), and finally
increases again for the higher R ratios. Importantly, as dis-
played in Fig. 1B, the position of the (1/1,)""> maxima for the 16-
3-16/DNA and the 16-6-16/DNA systems correlate well with those
obtained from the dodecyl series of surfactants.

3.2. CD measurements

The CD technique was used to investigate the influence of
gemini surfactants on the DNA conformation. As is known, the
backbone conformation of DNA shows a characteristic CD
spectrum of the right-handed B form in the far UV region (220-
320 nm). Structural alterations of the DNA caused by its inter-
action with ligands are reflected in changes in this intrinsic CD
spectrum.***® Fig. 2 shows that the secondary structure of DNA
is perturbed by the four surfactants studied here, this pertur-
bation being different for the 12-s-12 series (Fig. 2A) and the 16-
s-16 series (Fig. 2B). Besides, the addition of different surfactant
concentrations to the DNA solution registers complex behavior
according to the value of the molar ratio R. For the 12-s-12
series, the measured dichroic bands are found to be dramati-
cally different (with respect to sign, position, shape and inten-
sity) exhibiting two inflection points: one of them at Cj,.4.1o/
Cpna ~ 0.03 (red curves of Fig. 3B and S2Bft) and the other at
C12-s12/Cpna = 0.5-0.6 (red curves of Fig. 3C and S2C¥). On the
other hand, the 16-s-16 series also display characteristic
changes in CD bands upon DNA binding, showing two inflec-
tion points. The first maximum is coincident in position with
the one obtained for the 12-s-12 series, C;¢.5.16/Cpna ~ 0.03 (red
curves of Fig. 3E and S2ET); while, the position of the minimum
is slightly displaced to low R ratios, Cie.516/Cpna ~ 0.4 (red
curves of Fig. 3F and S2Ff).
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Fig. 1 (A) Viscosity (TI/TIo)1/3 dependence on C,,_s_m/Cpna mMolar ratios for the 12-s-12/DNA and 16-s-16/DNA systems. (A) (@) 12-3-12/DNA
system; (0) 12-6-12/DNA system. The inset shows an enlarged view of the maximum position at low molar ratios. (B) (®) 16-3-16/DNA system; (0)

16-6-16/DNA system.

3.3. Dynamic light scattering (DLS) measurements

Fig. S3 and S41 show the intensity-weighted size distributions of
a DNA solution in the presence and absence of the 12-s-12 and
16-s-16 series of gemini surfactants, working at different molar
ratios. Besides, the hydrodynamic diameters of the DNA mole-
cules, taken from the position of the peaks of the intensity
distribution function, are collected in Table 1. Results reflect
two different trends in the systems studied varying the R ratios.
At the low R ratios, in all the four surfactants systems, the
hydrodynamic diameter decreases reaching a minimum,
between a R ratio of 0.4 and 0.6, depending on the surfactant
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studied. The positions of the minimum correlate well with the
minimum observed by viscosity and CD measurements (see
Fig. 1A and 2). Then, as the R ratio increases after passing the
minimum, a drastic change in the hydrodynamic diameter
occurs. However, a closer examination of Fig. S3 and S4f
highlighted that this behavior is different for the 12-s-12 and the
16-s-16 series of gemini surfactants.

3.4. Zeta potential measurements

In an applied electric field, charged species are attracted to the
electrode of the opposite polarity resulting in an electrostatic
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Fig. 2 (A) CD dependence of 12-s-12/DNA systems on the Cy5_5.12/Cpna molar ratios. (@) 12-3-12/DNA system; (0) 12-6-12/DNA system. The
inset shows an enlarged view of the maximum position at low R ratios. (B) CD dependence of 16-s-16/DNA systems on the Ci¢_s-16/Cpna molar
ratios. (@) 16-3-16/DNA system; (0) 16-6-16/DNA system. The inset shows an enlarged view of the maximum position at low R ratios.
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Table 1 Values of the hydrodynamic diameters (d; and d») of different
DNA-gemini surfactants structures

12-3-12 12-6-12

R dy (nm) d, (nm) R d, (nm) d, (nm)
0.00 951 (100%) 0.00 951 (100%)

0.03 566 (81%) 84 (19%)  0.03 505 (64%) 90 (36%)
0.10 476 (78%) 78 (22%)  0.05 434 (88%) 48 (18%)
0.25 203 (100%) 0.40 252 (53%) 61 (47%)
0.60 82 (100%) 0.60 156 (100%)

1.00 239 (100%) 1.50 920 (100%)

2.50 789 (100%) 4.00 1221 (100%)

4.00 1179 (100%) 5.00 1531 (100%)

5.00 1526 (100%)

16-3-16 16-6-16

R dy (nm) d, (nm) R dy (nm) d, (nm)
0.03 615 (93%) 35 (7%) 0.03 534 (85%) 52 (15%)
0.05 330 (92%) 35 (80/0] 0.14 294 (270/0) 74 [73%)
0.25 255 (88%) 45 (12%) 0.25 282 (48%) 52 (52%)
0.50 120 (1000/0] 0.40 182 (100‘%)

3.50 157 (100%) 0.60 222 (100‘%))

4.00 293 (31%) 60 (69%) 2.50 637 (20/0) 88 (98%)
5.00 460 (21%) 90 (79%) 5.00 615 (39%) 130 (610/0)

potential called zeta potential. The zeta potential value of the
12-s-12/DNA and 16-s-16/DNA complexes is determined by the
charge ratio between the gemini surfactants and the DNA.
Fig. 4A and B show the zeta potential values obtained for the
interaction of DNA with the 12-s-12 and 16-s-16 series of gemini
surfactants, respectively. Two inflection points are observed
from the figures, whose position is in agreement with that
observed from the rest of the techniques.
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3.5. AFM measurements

The AFM images show the existence of a series of structures
which depend on the R molar ratio for each surfactant studied.
The morphology of these structures depends notably on the
alkyl chain length and, in a less significant way, on the spacer
length. These structures are stable in a time scale of hours and
some of them appear to be early intermediates in a compaction/
decompaction pathway. Fig. 5 shows AFM topographic images
of CT-DNA, adsorbed onto an APTES modify mica surface, in
cacodylate buffer at pH = 7.0. As can be observed in the figure,
the double stranded DNA is in extended-coil conformation in
the absence of any added surfactant. When gemini surfactants
were added to the DNA, at low R ratios, a compaction process
from an elongated coil to a compact globule was observed. In
particular, at a molar ratio of R = 0.03, Fig. 6 shows the
formation of different aggregates of DNA. The morphology of
these aggregates are different depending on the spacer length of
the surfactant, longer in size for surfactants with spacers s = 3.
Multiple intramolecular and intermolecular loops are formed,
specially, for the gemini surfactants with spacers s = 3, only
some random parts of the DNA chains being condensed.
Subsequently, when the R ratio increases to 0.1, Fig. S5, several
intermediates of the compaction process with well-defined
characteristics are seen. A partially condensed phase was
observed with the formation of different globules protruding
from the DNA chain where loops are increased in number.
Another feature of these intermediates is the formation of some
crossover points (see Fig. S5B and Ct). With further addition of
gemini surfactants, molar ratio was close to 0.6 for the 12-s-12
series and near 0.4 for the 16-s-16 series; only compact globule
structures appear, pointing out the completion of the compac-
tion process (Fig. 7). A closer examination of the structures
reveals that globules of a larger size are formed for surfactants
with a longer spacer length.

G il

16-s-16 NA

Fig. 4 Plot of zeta potential values, &, vs. the molar ratio, C1,_s_12/Cpna (Or Cie-s-16/ Cona) Of different gemini surfactant/DNA complexes. (A) (@)
12-3-12/DNA, and (0) 12-6-12/DNA systems; (B) (®) 16-3-16/DNA, and (0) 16-6-16/DNA systems.

29438 | RSC Aadv., 2015, 5, 29433-29446

This journal is © The Royal Society of Chemistry 2015


https://doi.org/10.1039/c5ra03944d

Published on 20 March 2015. Downloaded by Gral Universidad Sevillaon 6/18/2019 9:09:02 AM.

Paper

1.86 nm

0.00 nm

View Article Online

RSC Advances

1.52 nm

100nm
|

0.00 nm

Fig.5 (A)and (B) show AFM topographic images of CT-DNA adsorbed on APTES-modified mica surface in cacodylate buffer, pH =7.0 and Cpna
=3 x 1077 M. DNA molecules are fully extended and the detailed morphology of DNA can be observed.

Once the compaction process has been reached, the further
addition of gemini surfactant entails a increment in the size of
the complexes (see Fig. S6 and S7t). This behavior points out
that a strictly different conformational change is beginning to
be observed, which is consistent with the above mentioned
results of viscosity and DLS. It is a remarkable fact that different
stages of DNA decompaction phenomena are observed when it
goes from molar ratio R = 1 to R = 5.0, for both series of gemini
surfactants. Considering first the 12-s-12/DNA systems, at R =
1.0, the DNA globules interact with each other to form larger
DNA/surfactant aggregates (see Fig. S6A and S6D7). Then, at
molar ratio R = 2.5, extended DNA chains emerge from DNA
globules (Fig. S6B and S6E+t); and finally, at the 4.5 R ratio, the

5.01 nm

structures are almost fully decompacted (Fig. 6SC and 5SFf). We
next examined the intermediates of decompaction for the 16-s-
16 series. At first, starting from the molar ratio R = 1, DNA fibers
emerging from the extreme of DNA globules can be seen
(Fig. S7A and B and S7Df¥). Then, at the molar ratio R = 2.5,
characteristic features called “pearling” structures, in which
spherical small globules are generated on a single polymer
chain, are seen (see Fig. S7C and S7E and Ff).*' It is important to
mention here that the “pearling” structures were not detected as
intermediates in the compaction process. Consequently, for the
16-s-16/DNA systems, the decondensation process is not simply
the reverse of the previously described condensation process.
Importantly, the number of protruding DNA chains from the

1.46 nm

Fig. 6 AFM topographic images of CT-DNA and gemini surfactants in intermediate DNA condensation state, Cona = 3 x 1077 M, and R = 0.03.
(A) 12-3-12/DNA; (B) 12-6-12/DNA; (C) 16-3-16/DNA; and (D) 16-6-16/DNA. The images show the formation of different aggregates.
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Fig.7 AFM topographic images of CT-DNA and gemini surfactants forming DNA compacted structures, Cona = 3 x 1077 M. (A) 12-3-12/DNA, R
= 0.6; (B) 12-6-12/DNA, R = 0.5; (C) 16-3-16/DNA, R = 0.3; and (D) 16-6-16/DNA, R = 0.4.

compact aggregates when the R ratio increases is less significant
for the 16-s-16 series in comparison with the 12-s-12 series of
gemini surfactants. This situation gives rise to such a diverse
gradation in the decompaction process for both the 12-s-12 and
16-s-16 series. In such a way that, at the higher R values (R = 5),
the situation is thoroughly different for both series (Fig. 8). That
is, at high R ratios, the 12-s-12/DNA systems are fully decom-
pacted (Fig. 8A and B), thus adopting a structure similar to the
free DNA in solution (Fig. 5). However, for the 16-s-16/DNA
systems, the complexes are not able to adopt fully decom-
pacted structures, exhibiting a partially decompacted state
(Fig. 8C and D). Fig. S8 shows an enlarged view for the 16-3-16/
DNA and 16-6-16/DNA systems at the higher R ratio. In such
images extended DNA chains together with compact globules
structures are seen. Furthermore, from these images, it is
noteworthy that the appearance of compact globules is much
less frequent for the 16-6-16/DNA system than for the 16-3-16/
DNA system, which reveals that the latter system is the worst
one to be used as the delivery vehicle. Note that these results are
in good agreement with DLS experiments, in which the pres-
ence of a significant percentage of compact structures is rele-
vant for the 16-s-16 systems, while no condensed structures
were seen for the 12-s-12 series at this stage of the interaction.

4. Discussion

The principal result stemming from the analysis of the data
provided by the different experimental techniques considered
in the present investigation is that, once the compaction of the
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system was accomplished, DNA decompaction was induced by
gemini surfactants at high molar ratios. This behavior is
particularly of interest, since even though the capacity of diverse
gemini surfactants to compact DNA polymers was already
recognized,'**® such an ability to decompact DNA structures so
far was not observed.

Firstly, the viscosity results were examined. As is known, the
viscosimetry is a well-established and simple methodology
which is extremely sensitive to the length change of a
biopolymer and it provides, perhaps, the least ambiguous
criteria to identify the changes in extension of the DNA helix in
solution upon ligand binding." The change in contour length
(from L, to L) has been related to the change in intrinsic
viscosities (from 7, to n) of the free DNA and the DNA/gemini
surfactant complexes by:**

£_ ”If(P)ol/3
”Iof(P)

Ly
where, r is the ratio of the bound gemini surfactant to DNA
base-pairs and f(p)o, f(p) are, respectively, functions of the p axial
ratio of free and DNA complexes, respectively. The extent of
compaction-decompaction processes identified here depends
on the Cy,s.n/Cpna ratio, and on the nature of the gemini
surfactant which differ in the length of the spacers and exten-
sion of the hydrocarbon tails. The effects of the gemini surfac-
tants on the viscosity of DNA are summarized in Fig. 1. The
viscometric data collected in the figure confirm the presence of
multiple DNA conformational changes as the R ratio varies.
First, for low values of C,.c.,/Cpna (R < 0.03), the relative

:|Z1+r (2)
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Fig. 8 AFM topographic images of CT-DNA and gemini surfactants showing full decompacted (series 12-s-12) and partially decompacted
(series 16-5-16) structures, Cona = 3 x 1077 M, and R = 5.0. (A) 12-3-12/DNA; (B) 12-6-12/DNA; (C) 16-3-16/DNA; and (D) 16-6-16/DNA.

viscosity of the systems increases, but, then begins to decrease if
the surfactant concentration exceeds the above mentioned
value. The initial increase, observed for the four surfactants
studied here, is unlikely in agreement with DNA compaction. A
possible explanation could be that in the presence of lower
surfactants concentrations, the formation of DNA-surfactants
complexes contribute to a local lengthening of the DNA helix,
meanwhile the base pairs are separated to bind the ligand. In
connection with the initial increase of the relative viscosity, the
subsequent decrease registered can be reasonably attributed to
a conformational change characterized by a smaller DNA radius
of gyration, which is in agreement with DNA compaction
phenomena.” In other words, a hypothesis can be made
assuming that the behavior observed corresponds to the
surfactant partial intercalation into DNA bases. On this basis,
the portion of the gemini surfactant protruding out of the
polymer backbone could act as a bridge, thus promoting the
interaction between other DNA helix or with base pairs of the
same DNA molecule. The latter interaction can stabilize the less
elongated polynucleotide conformation, giving rise to a
decrease in the viscosity.*® In contrast, the behavior is strikingly
different at high R ratios (R > 0.5) for 12-s-12 series. Note that for
the 16-s-16 the high R ratios cannot be explored due to the fact
that these surfactants show much lower CMC values compared
to the 12-s-12 series (see Table S17). That is, the relative viscosity
shows a marked increase with the surfactant concentration
reaching a plateau at the higher R ratio; thus, after passing the
minimum in Fig. 1A; surprisingly, the higher surfactant

This journal is © The Royal Society of Chemistry 2015

concentrations provide greater DNA gyration radii. This finding
suggests that at a particular surfactant concentration the
systems change their conformation to a more elongated form.
To verify the nature of the conformational changes that occur
upon binding of gemini surfactants to the DNA, circular
dichroism and dynamic light scattering techniques were
employed. In the following, for the sake of comprehension, we
will describe in detail the behavior of the two series of gemini
surfactants, separately.

4.1. 12-s-12 effect on DNA structure

Fig. 3A shows that the CD spectrum of free DNA has a positive
peak at approximately 279 nm and a negative peak at 249 nm
which corresponds to B-DNA structure. These bands are caused
by stacking interactions between the bases and the helical
suprastructure of the polynucleotide that provides an asym-
metric environment for the bases.** In the same figure the CD
changes induced by the 12-6-12 surfactant clearly demonstrates
that the helical conformation is not maintained. Gradual
addition of each of the two 12-s-12 gemini surfactants leads to
remarkable perturbations on both positive and negative bands
(Fig. 3A and C and S2A-Ct). At low R ratios, Fig. 3A shows that
the bands intensity are enhanced without appreciable shift in
their position. These changes are indicative of a destabilization
of the DNA helix and a disruption of staking contact of the
bases, which could indicate that the gemini surfactant-DNA
binding was via an intercalation mode.* It is important to note
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that the extent of increase in the ellipticity is different for the
two 12-s-12 gemini surfactants studied, the maximum being for
the 12-3-12 gemini (see the inset of Fig. 2A). This result can be
rationalized in light of the relative steric hindrance effect
associated with the spacers’ size on the surfactants. According
to this steric effect, the intercalation into the DNA bases is
restricted, most for 12-6-12 and least for 12-3-12. Therefore, the
binding of 12-s-12 surfactant with shorter spacer length entails
a larger perturbation on DNA strands and more extensive
destabilization and destacking of the DNA helix. Subsequently,
starting from a specific gemini surfactant concentration, the
bands intensities are diminished significantly. This fact
together with a small shift in the positive CD band to higher
wavelength, indicates DNA compaction®'® and partial dena-
turation of the double strand (Fig. 3B and S2B+t).***” A direct
observation of the above stated phenomenology can be
obtained using the DLS technique. At low molar ratios, Fig. S3t
shows a marked decrease in the average hydrodynamic diam-
eter as the molar ratios increase. In the absence of surfactants,
at the molar ratio R = 0, a high value of the hydrodynamic
diameters with unimodal distribution is displayed which
corresponds to free DNA in a buffer solution. Of particular
interest is that a bimodal distribution appears, at almost the
same R ratio (R = 0.03), in which the CD signals and the relative
viscosity values were maximal, as was described above. This
finding implies that there are two different populations of DNA
with different weight-sized distributions, in accordance with
previous studies.'*** One of them can be assigned to DNA in
elongated-coil conformation; the other, considering the fact
that the average length of a condensed DNA segment is about
100 nm, can be ascribed to compact conformation.*® A closer
examination of Table 1 reveals that, as the R ratio increases, the
particle size corresponding to the elongated form decreases,
while the corresponding one assigned to the compact forms is
almost maintained. Then, at a specific R ratio of 0.25 for the 12-
3-12/DNA and 0.60 for the 12-6-12/DNA system, the distribution
turned out to be unimodal, exhibiting hydrodynamic diameters
that can be easily identified with DNA compact structures.
Interestingly, in good agreement with viscosity (Fig. 1A) and CD
(Fig. 2A) results, Table 1 shows that the smaller values of the
hydrodynamic diameters for both 12-s-12/DNA systems appear
at an R ratio of 0.60. Finally, it is worth noting that with
increasing the R ratios, a completely distinct behavior is
revealed from the DLS experiments. That is, the diameters of
this new unimodal distribution are size enhanced, highlighting
the adoption hydrodynamic diameters even greater than that of
the DNA free in solution. The features of DNA conformation
described here correlated well with CD results. In such a way
that at R > 0.5, the molar ellipticity of the positive and negative
bands increased in their intensity and returned to show a
similar form compared to that adopted for the DNA in the
absence of any added surfactant (Fig. 3C and 2SCf).

4.2. 16-s-16 effect on DNA structure

The intrinsic CD spectra of the 16-s-16/DNA systems, recorded
at different values of the R ratio, show different behavior to
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those of the 12-s-12/DNA systems (Fig. 2B). At low R ratios,
Fig. 3D shows that the binding of 16-6-16 to DNA leads to a
shifting of the positive CD band (at 280 nm) to the longer
wavelength (7 nm); this shift being accompanied by an increase
in the intensity of the positive band. This behavior suggests that
the complex 16-6-16-DNA goes from a non aggregated form to
an aggregated form due to binding interaction, stabilizing the
contact of the surfactant with nucleic acids.** Again, it is
important to mention here that the extent of increase in the
ellipticity is maximum for the 16-3-16 gemini surfactant (see
Fig. S2D7). On the other hand, the negative band became
broader and showed a change in the intensity without any
appreciable shift. The increase in the intensity observed for this
band can be attributed to an increment in the stacking inter-
action between the DNA bases upon the binding of the surfac-
tant.>>** In a second stage of the interaction a different behavior
can be observed, the positive band decreases in intensity and
undergoes a blue shift, while the negative band decreases in its
intensity (see Fig. 3E and S2ET). These changes can be attrib-
uted to DNA compaction induced by gemini surfactant inter-
action together with a disaggregation of the complex formed in
the first stage of the binding."****® Concerning the DLS results,
the behavior is quite similar to that observed for the 12-s-12
series. Thus, a bimodal distribution was registered starting
from a R ratio of 0.03, the particle sizes of the elongated form
being decreased with increasing the surfactant concentrations.
Then, these bimodal distributions were converted into a
unimodal, at about R ~ 0.5. Therefore, the different CD
behavior of the 16-s-16 series compared to 12-s-12, in the R
range of 0.03-0.5, cannot be distinguished by using the DLS
technique; consequently, this fact will be discussed later, on the
basis of AFM results. Finally, another diverse behavior is noted
at high R ratios for both negative and positive CD bands which
are increased strongly in their intensity (see Fig. 3F and S2Ff).
These changes are accompanied by a blue shift of the maximum
negative band (~7 nm). It is worth noting that, contrary to what
occurred with the 12-s-12 series, the final form of the 16-s-16/
DNA CD spectrum is remarkably different to the characteristic
of the free B-DNA in solution. In such a way that the intensity of
both bands are strongly augmented and the position of the
broad negative band is displaced to the blue. The hypochromic
shift along with the enhancement in negative intensity can be
attributed to changes in local base pairing geometry and a great
increment in stacking interaction of the bases on the surfac-
tant-DNA interaction.*>** Besides, the strong increase in the
positive band signify strong alteration in duplex helicity upon
16-6-16 binding to DNA. Furthermore, Fig. 2B shows that the
extent of increase in the ellipticity is somewhat different for the
two 16-s-16 surfactants, the 16-3-16 compound being the
maximum; thus, this implies that binding of 16-3-16 to DNA
causes a larger perturbation and greater destabilization of the
DNA helix.*> With respect to the DLS results at these high R
ratios, the observed trend is somewhat similar to that observed
in a previous work for the CTAB/DNA system.* In such a way
that the hydrodynamic diameter first increases, probably by
forming greater size compact structures, that is, favoring glob-
ules aggregation. Then, at a R ratio of 4.0 for the 16-3-16/DNA
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system and of 2.5 for the 16-6-16/DNA system, a new bimodal
distribution appear, which presumably denotes the coexistence
of globules and more extended DNA chains. Note that contrary
to what occurred with the CTAB/DNA system," the percentage
of the smaller species is higher than the population corre-
sponding to the extended DNA helix. Additionally, looking at
the values of hydrodynamic size and the percentage of the
populations collected in Table 1, it can be concluded that the
shorter the spacer length of the 16-s-16 surfactant is, the shorter
and less frequent the elongated forms become. A possible
explanation would be that in the case of 16-6-16 gemini
surfactant the distance between head groups induced by the
spacer size is more similar to that of the monomer CTAB.*
Besides, as was mentioned in the Introduction section, the
effect of the spacer on the aggregation properties of the gemini
surfactants is significant.**-** Consequently, taking into account
these facts, we can reasonable suppose that the 16-6-16 aggre-
gates structures in the 16-6-16/DNA system could be like that of
the CTAB/DNA, and thus, the elongated DNA forms are similar
in sizes. Note that the hydrodynamic diameter of the longer
species, at R = 5.0, was 613 nm for the CTAB/DNA system,'® and
for the 16-6-16/DNA system studied here it was 615 nm (see
Table 1).

On the basis of the previous discussion, it seems clear that
the CD and DLS data confirm the features of DNA-gemini
surfactants interaction revealed by the viscosity technique. That
is, the existence of different DNA conformational changes
induced by the gemini surfactants: compaction for the lower R
ratio, and decompaction (or partial decompaction) for the
higher molar ratios. However, some important points still
remain to be clarified: (i) the motive by which maxima, at the
low R ratios, observed by the distinct experimental techniques
are more prominent for the surfactants with short spacer
length; (ii) the stages by which the DNA compaction/
decompaction phenomena occur induced by the gemini
surfactants; (iii) the reasons for which the degree of decom-
paction is different depending on the surfactants tail's length.
Therefore, in order to gain more direct and precise information
on the DNA conformational change, the AFM ultrasensitive
technique was employed in conjunction with zeta potential
experiments.

Concerning the first question: a hypothesis by which the
partial intercalation of few gemini surfactants could promote
DNA-DNA interactions was already done in order to explain this
anomalous behavior. In spite of both the viscosity and CD
techniques supporting this mode of interaction, it is still not
clear if the gemini surfactant intercalation promotes the inter-
action between other DNA helix or within the base pairs of the
same helix. In light of AFM experiments we observed that this
interaction conduces to the formation of small globules and
large-sized aggregates, the latter being larger in size in the case
of surfactants with short spacer length (see Fig. 6). Note that, as
shown in Fig. 4, at R ratio of 0.03, the DNA-surfactant
complexes are negatively charged, so, the mica had to be
functionalized with APTES. As to the zeta potential trend, which
is observed in Fig. 4, the reason by which these aggregates are
larger in size can easily be surmised. That is, taking into
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account the height of the maximums, R ~ 0.03, it seems clear
that the zeta potential values were higher for the complexes with
spacer length s = 3; consequently, the charge shift from nega-
tive to positive was greater. Hence, this finding shows that the
gemini surfactants with short spacer length possess a larger
number of surfactants per DNA aggregates; this circumstance
contributes to the larger size of the complexes with spacers s = 3
compared to the surfactants with spacers s = 6. On the basis of
both the AFM and the zeta potential results, we can reasonably
conclude that the initial step in DNA condensation event
induced by gemini surfactants is the stabilization in the
contacts of DNA strands-strands, along the length of the
strands in the aggregates. This phenomenon is accompanied by
a bending and a decrease in the persistent length of the DNA
molecules which leads to the formation and stabilization of
intramolecular loops. The appearance of flower-like interme-
diate structures are consistent with the model for DNA
condensation proposed by Montigny.** According to this model,
these intermediates are the results from the binding of single
cationic molecules and multiple free DNA loops.

The next recognizable step in DNA condensation is revealed
by the appearance of DNA compact globules emerging from
DNA strands which contain, in some cases, flower-like struc-
tures (see Fig. S57); these structures being considered as a type
of DNA strand-strand stabilization.>® According to these struc-
tures, the intramolecular condensation is feasible when the
bound ligand reaches a critical concentration. Finally, the
resultant complex can collapse from the addition of more
cationic gemini surfactants, giving rise to a stable compact
particle.®® Hence, the condensation of DNA induced by the
cationic gemini surfactants studied here occurs in three stages:
(i) the binding of single cationic surfactant molecules to DNA
which produce a bending of the macromolecule and the
formation of different loops and flower-like structures; (ii) the
addition of a higher quantity of cationic surfactants leads to
intramolecular DNA condensation with the formation of
compact globules emerging from DNA strands; (iii) further
addition of surfactants produces the collapse of DNA loops onto
cation cores resulting in stable compact particles.

Once the stages of DNA condensation have been identified,
the differences observed by CD technique, in the range 0.03-0.5,
on the behavior of 12-s-12/DNA and 16-s-16/DNA systems will be
considered again. Since AFM images reveal the formation of
ordered aggregates at R = 0.03, it seems clear that to achieve the
collapse of these structures into a nucleation center, the
breakage of some of these aggregates is needed. Therefore,
taking into account that the aggregates formed were larger in
size and more in order for the 16-s-16/DNA, compared to the 12-
s-12/DNA  systems, the disaggregation and breakage
phenomena should be more perceivable for the 16-s-16/DNA
(Fig. S51). This gives support to the significant shift in the CD
maximum observed for the 16-s-16/DNA system. Nonetheless, a
comment about the values of zeta potential when the compac-
tion has been reached seems pertinent. Note that, after passing
the first maximum (R = 0.03), the zeta potential becomes more
negative until approximately the R values at which the
compaction is accomplished (R ~ 0.6 for the 12-s-12 series and R
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~ 0.4 for the 16-s-16 series). This behavior is, in some sense,
counterintuitive due to such an increase in the surfactants
concentrations that should be produced, to some extent, the
neutralization of the DNA charges. However, a valuable expla-
nation could be made taking into account the intermediates of
the DNA compaction process observed by the AFM technique.
That is, in spite of being in the first stage of the compaction
process (R ~ 0-0.03) the surfactant charges are more exposed in
the aggregates, in the second stage the charges of surfactants
could be shielded with the collapse of DNA structures forming
globules on the cationic surfactant core.

We next examine the R values when the complexes become
neutrals. Since, starting from zero point charge, the AFM
measurements would be done in the absence of APTES to
ensure the correct adsorption of the DNA-surfactant complexes,
the localization of this point was of particular importance. The
neutralization occurs at R values of about 0.7-1.0 for the 16-s-16/
DNA systems, and only for the 12-3-12/DNA gemini surfactant, it
was accomplished at a molar ratio of about R ~ 1. On the other
hand, the fact that the 12-s-12/DNA complexes displayed much
lower values of the zeta potential compared to the 16-s-16/DNA
systems, it is noteworthy once the compaction was fully
accomplished. In fact, this behavior could be directly related to
the fact that the degree of decompaction is better for the
surfactants with shorter alkyl chains.

In order to understand the different degrees of decom-
paction of 12-s-12/DNA and 16-s-16/DNA systems, the
morphology of surfactant aggregates, free in solution, was
explored by the AFM technique. Fig. S9 and S101 show micellar
aggregates of 12-3-12 and 16-6-16 gemini surfactants, in the free
state. Note that the apparent diameter of these structures gives,
generally, uncertainties because of the image convolution with
the tip diameter.>>*® However, the height of DNA molecules can
be determined without taking into account this convolution
effect. That is, the average height of these aggregates was 4.5 nm
for the 12-3-12 surfactants, while aggregates of about 12 nm and
3 nm were observed for the 16-6-16 surfactants. Consequently,
these figures show that with the increase of the alkyl chain
length, the size of the aggregates in solution increases. This is
probably due to the inter-molecular hydrophobic interactions
between the surfactant molecules which are optimized as the
alkyl chains increase in length. In the same figure, images of 12-
3-12/DNA and 16-6-16/DNA systems in a decompacted state can
be observed. Comparing the z values measured for the surfac-
tant aggregates, with the height of DNA-surfactant complexes
in this intermediate decompaction state, certain similarities
were revealed. It is remarkable that from the analysis of the
height of the surfactants aggregates bound to DNA structures,
only the smaller size surfactants aggregates, of about 4 nm, still
remained attached to the DNA chains. Taking into account this
fact and in consideration of the fact that the zeta potential of the
12-s-12/DNA complexes was lower than that of the 16-s-16/DNA
complexes, we can reasonably conclude that more quantity of
small aggregates of gemini surfactant were able to be inserted in
the 12-s-12/DNA systems; therefore, the positive charges of the
12-s-12 surfactants aggregates became more hidden. Hence, the
effect of alkyl chain length, on the degree of DNA decompaction
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is, probably, directly related to the size of the surfactants
aggregates. That is, the aggregates of smaller sizes such as that
of the 12-3-12 surfactant favor DNA decompaction. Further-
more, the distinct gradation observed in the decompaction
process for 12-s-12 and 16-s-16 surfactants can also be explained
by attention to the diverse nature of the intermediates formed.
In such a way that contrary to what occurs with the 12-s-12
systems, the intermediates that appear in the DNA decom-
paction process of 16-s-16/DNA systems are somewhat different
to those observed in the corresponding DNA compaction.
Similarly, as happened in the case of the analogous mono-
quaternary surfactant CTAB,* in the first stage of decompaction
process linear DNA chains protruding from 16-s-16/DNA
compact globules, are seen. In a second stage of decom-
paction, “pearling” structures, in which spherical small glob-
ules are generated on a single polymer chain, are visualized. In a
previous work we postulate that the decompaction of CTAB-
DNA complexes could be attributed to the existence of a
micelles phase transition from spherical to rod-like micelles,
the latter unable to fit well with the polymer and thus, decom-
paction was favored.” In this study we have looked more care-
fully at the effect of spacer length on the decompaction
phenomena of the analogous 16-s-16 gemini surfactants. The
fact that, the breakage of globules is favored following the
trend: CTAB/DNA > 16-6-16/DNA > 16-3-16/DNA, denotes that
not only steric hinderance reasons are playing an important role
in the decompaction phenomena. According to Atkin et al., the
spacer group of the gemini surfactants controls the separation
between the head groups that may be greater or lesser than the
mean separation of the corresponding monomer.** For gemini
surfactants of lower spacer groups, the head group are in close
proximity and thus, the smaller head group areas could lead to
aggregates of lower curvature and a higher aggregation number
than those of the corresponding monomer. In contrast, for
gemini surfactants with longer spacers, the distance between
the head groups resemble that of the monomer, and conse-
quently, the structure of aggregates could result more similar.
Therefore, a counterbalance between the effect of size and the
charge of aggregates is, probably taking place in the case of the
16-3-16 gemini surfactants. That is, the more closed packing of
the head groups of 16-3-16 compared to that found for both, 16-
6-16 and the free CTAB micelles, could indicate that the 16-3-16
aggregates would act as a “laterally extended highly charged
counterion” for the polymer strands, thus hindering DNA
decompaction.

5. Conclusions

Different aspects of DNA conformational changes induced by
12-s-12 and 16-s-16 gemini surfactants whose structures vary,
both in the size of the chain as in the length of the spacers, have
been analyzed using spectroscopic, viscometric and structural
approaches. All of these methods concur with the fact that
distinctive conformational changes are displayed as a function
of the C,,.¢.,,/Cpna ratio. At low R ratios, the formation of DNA-
surfactants aggregates precedes DNA compaction. Then, start-
ing from a R ratio of about 0.6 for the 12-s-12/DNA system, and
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of R ~ 0.4 for the corresponding 16-s-16/DNA, decompaction is
beginning to occur. In such a way that at an appropriate
surfactant concentration, in the absence of any additional
chemical agents, the surfactant is able to switch DNA confor-
mation from compact globular structures to extended DNA
chains. The extent of the decompaction process depends on the
size of the chain length and also on the surfactant spacer's
length. Importantly, this process is fully accomplished for
dodecyl gemini surfactants and is only partial for the 16-s-16
series. This behavior is particularly interesting, since in spite of
the ability of gemini surfactants to induce DNA compaction,
such an ability was already recognized, but the DNA decom-
paction up to now had not been observed. These findings open a
new strategy for the design of non-toxic carriers, based on the
gemini surfactants, for drug delivery and gene therapy appli-
cations. Due to the greater efficiency in the DNA compaction/
decompaction, to the best of our knowledge, the most effec-
tive gemini surfactants for medical applications are those
belonging to the 12-s-12 series and those of the 16-s-16 series
with large-sized spacers. We hope that these physicochemical
and structural studies of DNA conformational changes induced
by gemini surfactants not only will increase the understanding
of reversible DNA compaction, but also it can be applied, as a
perspective of future, to improve gene delivery application in
cells.
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