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Complexation of short ds RNA/DNA
oligonucleotides with Gemini micelles: a time
resolved SAXS and computational study†

Sara Falsini,a Emanuela Di Cola,b Martin In,c Maria Giordani,d Stefano Boroccide and
Sandra Ristorif

Gene therapy is based on nucleic acid delivery to pathogenic cells in order to modulate their gene

expression. The most used non viral vectors are lipid-based nanoaggregates, which are safer than viral

carriers and have been shown to assemble easily with both DNA and RNA. However, the transfection

efficiency of non viral carriers still needs to be improved before intensive practise in clinical trials can be

implemented. For this purpose, the in depth characterization of the complexes formed by nucleic acids

and their transporters is of great relevance. In particular, information on the structure and assembly

mechanism can be useful to improve our general knowledge of these artificial transfection agents. In

this paper, the complexation mechanism of short interfering RNA and DNA molecules (siRNA and siDNA,

respectively) with cationic micelles is investigated by combining small angle X-ray scattering

experiments and molecular dynamics simulations. Micelles were obtained by Gemini surfactants with

different spacer lengths (12-3-12, 12-6-12). The siRNA and siDNA used were double strand molecules

characterized by the same length and homologous sequence, in order to perform a close comparison.

We showed that complexes appear in solution immediately after mixing and, therefore, the investigation

of complex formation requires fast experimental techniques, such as time resolved synchrotron SAXS

(Tr-SAXS). The obtained systems had internal arrangement constituted by layers of squeezed micelles

alternating the nucleic acids. Both SAXS and MD analyses allowed us to evaluate the mean size of

complexes in the range of a few nanometers, with looser and less ordered stacking for the DNA

containing aggregates.

Introduction

The development of therapeutic technologies based on nucleic
acid has recently intensified, due to the potentiality that they
bear for overcoming the drawbacks of conventional treatments,
such as immunogenic effects. In particular, RNA interference
is a most promising approach for biomedical applications.1,2

This approach consists in the post-transcriptional gene silencing,
mediated by small double stranded RNA (small interfering RNA,
siRNA).3 The exogenous introduction of siRNA into human cells
triggers the cleavage of mRNA with a complementary sequence,
causing the knockdown of a specific gene.4 Therefore, siRNA can
be exploited as a tool in gene therapy for its ability to sequence
specific gene silencing.5 Not only siRNA, but also synthetic
double strand DNA molecules (of B30 bp, siDNA) are able to
activate an interfering pathway into human cells. In contrast to
siRNAs, siDNAs interfere with the signalling of DNA double-
strand break (DSB) repair and are able to hinder the DNA
damage response, inhibiting DNA repair.6 siDNA could thus
be exploited to inhibit DNA repair into cancer cells and sensitize
these cells to genotoxic therapies which are rejected under
normal conditions.7,8

One of the major challenges in gene therapy is the development
of non-viral platforms for oligonucleotides to obtain efficient
delivery systems. Currently, the most promising non-viral vectors
are cationic self-assembled nanoaggregates, such as liposomes or
micelles.9–11 When vectors are mixed with oligonucleotides or
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plasmids, new aggregates of nano- and micro-scale sizes are
formed in solution. In particular, it has been observed that the
structure of certain lipid components, such as Gemini amphiphiles,
might strongly affect the complexation of ODN molecules. In fact, in
Gemini two polar heads are joined by a spacer, and the nature and
length of this covalent link control the interaction with the ODN and
its compaction.12 The study of the complexation process and the
structural properties of the ensuing aggregates are of fundamental
importance to understand the mechanisms of delivering and
transfection. For this purpose it has been shown that time resolved
SAXS (Tr-SAXS) experiments offer the opportunity to obtain
information on the size and shape of complexes,13 and to study
their internal reorganization at a 10 ms time scale. The results
of such experiments can be combined with molecular dynamics
(MD) simulations to provide detailed information on the com-
plexation process, at the atomistic level and at the 10–100 ns
timescale. MD simulations are used as a ‘‘computational micro-
scope’’,14 to study at the atomic level with picoseconds-scale
time resolution the structure, organization and dynamics of
biomacromolecules and molecular complexes.15 Moreover,
MD simulations provide structural and dynamics features of
molecular systems which cannot be easily probed with experi-
mental techniques.16 Indeed, all-atoms MD simulations of
oligonucleotides (ODNs) with nanoaggregates such as dendri-
mers,17 gold nanoparticles18 and micelles19,20 have been used
to investigate the structure and strength of ODN/nanoaggregate
interactions.

Here we studied the structural evolution of complexes
formed by double strand oligonucleotides (siRNA as well as
siDNA) with micelles of dimeric cationic surfactants i.e. Gemini
bis (quaternary ammonium) bromide with variable spacer lengths,
12-3-12 and 12-6-12 (Fig. 1), combining Tr-SAXS experiments and
all-atom MD simulations.

In order to have a meaningful comparison, the chosen RNA
and DNA had the following homolog sequence:

sense: 50 GAUAAAGGAGCGAACCCACUU 30

antisense 30 UUCUAUUUCCUCGCUUGGGUG 50

sense: 50 GATAAAGGAGCGAACCCACTT3 0

antisense 30 TTCTAT T TCCTCGC T TGGGTG 50

Materials and methods
(a) SAXS experiments

Tr-SAXS was performed at the high brilliance SAXS beam-
line ID02 of the European Synchrotron Radiation Facility
(Grenoble, France). The range of scattering vector q covered

was 0.080–3.8 nm�1 with a sample-detector distance of 1.5 m.
q is defined as:

q ¼ 4p
l
sin

y
2

where y is the scattering angle and l the X-ray wavelength
(l = 0.1 nm).

Complexes between oligonucleotides and micelles were
prepared by mixing equal volumes (100 mL) of MilliQ water
solutions of cationic surfactants and ODNs at the appropriate
concentration to obtain two charge ratios below and above
neutralization: ([�]/[+])CR = 0.75 and CR = 1.25. In these
experiments, all systems contained a fixed amount of surfactant,
i.e. 1.25 � 10�3 M, higher than the critical micelle concentration,
CMC.21

For the kinetic runs, the surfactant and ODN solutions were
mixed using a stopped flow device (SFM-400), as described
elsewhere.13 The flow rate was 5 mL s�1 and the acquisition
time was 10 ms. Each experiment consisted of 80–100 frames,
collected in three different time groups: each 0.15 s, each 2–3 s
and each 40–60 s. Static experiments on micelles were per-
formed with a sample to detector distance of 0.8 m (0.1 nm�1 o
q o 8 nm�1) in a flow through the capillary of 2 mm diameter
to ensure an accurate subtraction of the background (buffer
solution) and negligible beam damage of the samples. In this
case, the acquisition time was 0.1 or 0.2 s.

The scattering patterns I(q) were normalized to absolute
intensity after applying standard corrections for spatial homogeneity
and linearity. Each measurement was repeated at least twice, to
ensure reproducibility.

(b) Molecular dynamics simulations

All molecular dynamics simulations were performed by using
GROMACS 5.0.4 packages22 in combination with the CHARMM3623,24

force field for nucleic acids and CHARMM36 UA25 for Gemini
surfactants.

The 21 base-pair double-stranded siRNA (form A) and siDNA
(form B) models were generated by using the Nucleic Acid Builder
(NAB)26 via the make-na server (http://casegroup.rutgers.edu/).

The initial structure of nucleic acid (siRNA and siDNA) was
equilibrated by 20 ns molecular dynamics simulations, under
constant pressure–constant temperature conditions (NPT ensemble),
before the simulation with micelles of Gemini surfactants. The
nucleic acid was solvated with water molecules in a rectangular
box of 7.0 � 7.0 � 9.0 nm3 and 40 sodium ions were used to
neutralize the negative charges of nucleic acid. The energy was
minimized and the molecular systems were equilibrated with
100 ps of MD simulations with the position restraints on the
nucleic acids (1000 kJ mol�1 nm2) followed by 20 ns of unres-
trained MD simulations.

Micelles of Gemini, 12-3-12 and 12-6-12, were simulated as
follows: 27 molecules of the Gemini surfactant were placed
randomly in a cubic box of 8.5 � 8.5 � 8.5 nm3 and solvated
with water. The positive charges of the surfactant molecules
were neutralized by replacing 54 solvent molecules with bromide
ions. The energy was minimized and the system was equilibrated

Fig. 1 Molecular structure of Gemini surfactants.
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with 100 ps of MD with position restraints on the surfactant
molecules followed by 60 ns of unrestrained MD simulations.

The equilibrated nucleic acids and micelles were used to
build the initial configuration of the ODN/micelle systems.

In a rectangular box of 10.3 � 7.8 � 9.7 nm3 the micelle of
Gemini (12-6-12 and 12-3-12) was placed in proximity of nucleic
acid, with a distance of 4.0 nm between the centre of mass of
the micelle and the centre of mass of nucleic acid (siRNA or
siDNA). The systems were solvated and the electric charges
were neutralised with 54 bromide ions and 40 sodium ions. The
resulting systems were minimized and equilibrated using
100 ps of MD simulations with position restraints on the ODNs
and surfactant atoms followed by 100 ns of unrestrained MD
simulations.

The structure of the monomeric complex ODN/micelle,
obtained after 80 and 100 ns of MD simulations, was used to
build the initial configuration for the simulation of the dimeric
complexes. For each system, composed of two molecules of
nucleic acid (siRNA or siDNA) and two micellar aggregates, the
complex at 100 ns was placed in proximity of the complex at
80 ns at a distance of 5.0 nm between the centre of mass of the
micelles. Each dimeric system was solvated in a rectangular
box of 10.0 � 12.0 � 10.0 nm3 and the electric charges were
neutralized with 108 bromide ions and 80 sodium ions. The
energy of each system was minimized and the molecular
systems were equilibrated as described above.

Water was modelled with the TIP3P27 model, the bromide
and sodium ion parameters were taken from Joung and Chea-
tham work.28

All bonds were constrained using the LINCS algorithm29

whereas the geometry of water molecules was fixed with the
SETTLE algorithm.30 Virtual interaction sites31 of all the hydrogen
atoms were introduced to remove all the internal vibrational
degree of freedom and the simulations were performed by using
a time step of 4 fs.

Short-range electrostatic interactions were calculated using
a cut-off of 1.2 nm and the long-range electrostatic interactions
were treated by using the Particle Mesh Ewald method
(PME).32,33 The van der Waals interactions were switched off
between 1.0 and 1.2 nm and the Verlet cut-off scheme34 was
used with a minimum cut-off of 1.0 nm for short-range Lennard-
Jones interactions.

The temperature of nucleic acids, Gemini surfactants and
water/ions was kept constant separately at 298 K using the
velocity rescale method35 with a coupling constant tT of 0.1 ps.
The first 20 ns of each simulation were run in the NPT ensemble
using the Berendsen barostat36 (P = 1 bar, tP = 1.0 ps) after which
the Parrinello–Rahman barostat37 (P = 1 bar, tP = 4.0 ps) was used.
Pressure coupling was applied isotropically and the periodic
boundary conditions were applied in all three dimensions.

For each ODN/Gemini molecular system, we performed two
independent MD simulations starting from different initial
configurations obtained by the random orientation of the ODNs
and Gemini micelles, in the case of monomeric complexes, and
of two monomeric complexes, in the case of the dimeric
complexes.

The trajectories obtained by MD simulations were analyzed
with the GROMACS analysis tools, VMD 1.9.238 and in-house
scripts, exploiting the MDAnalysis library.39

Results and discussion
(a) SAXS

Fig. 2 shows the typical pattern of siRNA (4.5 � 10�3 M), 12-3-12
micelles (1.25 � 10�3 M) and their complexes at charge ratios
0.75 and 1.25.

The SAXS patterns of 12-3-12 micelles were modelled using a
spherical core–shell form factor with a Schulz size distribution
function of the radius.40 An additional scattering Lorentzian
term was also included in order to describe the excess of
scattering in the low-q region, corresponding to the structure
factor of micellar clusters.41 For the ODNs, the form factor of a
cylinder with a finite size was chosen to model the scattering
intensity profiles.41

The scattering patterns of the complexes are characterized
by a quasi-Bragg peak indicating that ordered structures are
already present in solution at 20 ms after mixing. We have
previously shown that in such complexes, ODNs and micelles
are arranged as ‘‘sandwiches’’ internally layered with a repeat
distance of 3–4 nm.13 The structural details of Gemini aggregates
in water were recently investigated in depth by ESR and SAXS and
are reported in ref. 42. In this study, the role played by molecular
parameters (such as the spacer length) in the size and shape of
micelles was elucidated. This role had been already evidenced
by Karlsson et al.43 and by Devinsky et al.,44 who analysed
differences in the compaction of long DNA filaments driven
by micelles of Gemini with variable spacer extension. Another
study performed by Uhrı́ková et al. investigated the internal
organization of lipoplexes formed by Gemini micelles and long
filaments of DNA extracted from calf thymus.45

Fig. 2 SAXS intensity profiles of 12-3-12 micelles, siRNA and complexes at
two different charge ratios (CR = 0.75 and CR = 1.25) recorded 20 ms
after mixing. In the complex solution, the total surfactant concentration
(1.25� 10�3 M) is B1.5 times the CMC of 12-3-12. In the reference systems
siRNA is 4.5 � 10�5 M and 12-3-12 is 1.25 � 10�3 M. Solid lines are the best
fitting using the polydisperse core shell (black) and cylinder-like (red) form
factors, for the 12-3-12 micelles and siRNA, respectively.
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The SAXS profiles of siDNA 4.5 � 10�3 M and its corres-
ponding complexes with 12-3-12 micelles at charge ratios 0.75
and 1.25 are shown in Fig. 3. A close comparison between Fig. 2
and 3 shows that aggregates with siDNA and 12-3-12 are
characterized by a Bragg peak broader than those of the
corresponding siRNA/12-3-12 systems, indicating that siDNA/
Gemini complexes are more loosely packed and less ordered.

A very similar trend was also observed for 12-6-12 (see the
ESI,† Fig. S1 and S2). This close resemblance indicates that the
internal arrangement in the complex is primarily determined
by the ODN type (RNA or DNA) and weakly depends on the
Gemini spacer length.

To obtain information on the size of the complexes, Tr-SAXS
data at low q were analysed by using the Guinier approximation:

IðqÞ ¼ I0 exp �
1

3
q2Rg

2

� �
;

where I0 is extrapolated at q - 0 and Rg is the gyration radius of
aggregates. Such analysis provides a lower limit estimation for
the size of the aggregates since their overall size cannot be fully
resolved in the available q range.

The results of the Guinier analysis are reported in Fig. 4
(A and B) for 12-3-12 and 12-6-12, respectively.

siRNA based complexes have significantly higher Rg than
siDNA complexes, independently of the surfactant length of 14
to 18 nm compared to 8 to 10 nm. The size of the siRNA
complexes is also more dependent on the charge ratio than the
size of DNA complexes. Finally, in the time window observed,
the size of the siRNA complexes tends to increase while it tends
to decrease for siDNA complexes.

(b) Molecular dynamics simulations

Molecular dynamics simulations were used to investigate, at
the atomic resolution, the complexation of ODN molecules with
micelles of 12-3-12 and 12-6-12. We focused on the study of the
interaction between Gemini surfactants and ODNs, with particular

attention paid to the role of the spacer of Gemini in the
complexation processes. In fact previously reported investigations,
both computational46–48 and experimental,49 highlighted the
role of length and of the nature of the spacer in determining
the properties and morphology of Gemini aggregates.

We focused our MD simulations on the study of the cationic
ODN/micelle complexes with a charge ratio [�]/[+] = 0.75 for
their potential as non-viral vectors of ODN biomolecules.

Here we describe first the results obtained from all-atoms
MD simulations of micellar aggregates formed by 12-3-12 and
12-6-12. Then we describe the results obtained from simulations
of the monomeric and dimeric ODN/Gemini complexes.

(c) Molecular dynamics simulations of 12-3-12 and 12-6-12
micelles

We simulated the aggregation of 27 molecules of 12-3-12 or
12-6-12 surfactants to form a single micelle. The aggregation
number of 27 for the cationic micelles allows having, in the
studies with the ODNs, the same charge ratio [�]/[+] of 0.75
used in the SAXS experiments. This aggregation number is also
consistent with the data reported in the literature42,50 for
diluted solution, (close to the CMC), of these surfactants. In
fact, at low concentration both the Gemini surfactants, 12-3-12
and 12-6-12, aggregate to form nearly spherical micelles with an
aggregation number of about 25.

The structural parameters, obtained by the analysis of the
last 20 ns of equilibrated trajectories, are reported in the ESI†

Fig. 3 SAXS intensity profiles of 12-3-12 micelles, siDNA and complexes
at two different charge ratios (CR = 0.75 and CR = 1.25) recorded 20 ms
after mixing. In the complex solution, the total surfactant concentration
(1.25� 10�3 M) is B1.5 times the CMC of 12-3-12. In the reference systems
siDNA is 4.5 � 10�5 M and 12-3-12 is 1.25 � 10�3 M. Solid lines are the best
fitting using the polydisperse core shell (black) and cylinder-like (red) form
factors, for the 12-3-12 micelles and siRNA, respectively.

Fig. 4 Time evolution of Rg after mixing ODNs (siRNA or siDNA) with
surfactants, at two different CR: 0.75 and 1.25. Panel A and B shows Rg

trend for ODN/12-3-12, ODN/12-6-12 respectively.
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(Table S1) for 12-3-12 and 12-6-12 micelles. The micelles of
12-3-12 have a smaller average radius of gyration (Rg = 1.47 nm),
then 12-6-12 micelles (Rg = 1.54 nm). This difference is mainly
due to the larger size of the 12-6-12 spacer group and the
polar head.

The size of single micelles can be estimated by the value of
the mean distance between head groups and the micelle centre
of mass. In the case of 12-3-12 and 12-6-12 the radial distribution
of head groups (Fig. S2 of the ESI†) shows a maximum value of
1.77 and 1.75 nm, respectively.

The two kinds of micelles present a different organization of
head groups on the surface of the aggregate. Fig. 5 shows the
probability distribution of the distance (ds) of nitrogen atoms
within the same molecule. In the micelle of 12-3-12, where the
spacer is short and rigid (only three methylene, n = 3), the
distribution of the distance between nitrogen atoms is sharp
with the maximum value at 0.51 nm (Fig. 5a). On the other
hand, the micelle of 12-6-12, with a longer spacer (n = 6), shows
a broader distribution with respect to 12-3-12, due to the
flexibility of the spacer, with a maximum at 0.76 nm (Fig. 5b).

In order to obtain information on the reciprocal organization
of Gemini molecules on the surface of the micelle, we calculated
the Radial Distribution Function (RDF) for nitrogen atom pairs
belonging to different surfactant molecules (Fig. 6a and b). The
N–N RDF for the micelle of 12-3-12 shows a first peak at 0.86 nm,
due to the first shell of neighbor nitrogen atoms, and a broader
second one of similar intensity at 1.2 nm due to the second
coordination shell. The inclusion of the intramolecular interaction

in the calculation of RDF of nitrogen atoms is shown in the inset of
Fig. 6a where the sharp and intense peak at 0.5 nm is due to the
distribution of N–N pairs belonging to the same molecule. In the
micelle of 12-6-12 the N–N RDF shows the first peak at 0.85 nm,
similarly to what observed in the case of the 12-3-12 micelle, and a
second less intense peak at 1.5 nm, due to the nitrogen atoms
covalently linked to the nitrogen atoms in the first shell (Fig. 6b).
The N–N RDF of 12-6-12 calculated taking into account also the
intramolecular interaction between nitrogen atoms (the inset
of Fig. 6b) shows the intense peak at 0.8 nm (due to the
intramolecular interactions) overlapping with the peak relative
to the first shell of intermolecular interactions. In the micelle
of 12-3-12 the distance between nitrogen atoms presents a
bimodal distribution as evidenced in the inset of Fig. 6a: a first
maximum of the distribution at a short N–N distance (0.51 nm)
between nitrogen atoms linked by the spacer and a second
maximum at a larger distance (0.86 nm) between nitrogen
atoms belonging to different surfactant molecules.

On the other hand, in the case of 12-6-12 the intramolecular
distance between nitrogen atoms is similar to the intermolecular
distance (0.8 nm), in this case the distribution of ammonium
head groups on the surface of the aggregate is more homogeneous
and similar to that of the single chain surfactants.50 Fig. 7 reports
the snapshots of 12-3-12 (a) and 12-6-12 (b) after 60 ns of MD
simulations showing the head groups belonging to the same
molecule in different colors (blue and red) and the spacer colored
in cyan. At a glimpse, the surface of the 12-6-12 micelle features a
more homogeneous distribution of head groups with respect to the
12-3-12 micelle. Furthermore, in the case of the micelle of 12-3-12
(Fig. 7a), it is possible to observe a shorter distance between head
groups belonging to the same molecules with respect to the distance
between head groups of different surfactant molecules, as obtained
by the analysis of the N–N distance distributions.

Detailed information on the shape of the two micelles was
obtained by the analysis of the principal moment of inertia
(Table S1, ESI†).

For both micelles two of the three components of the
principal moment of inertia have similar values, whereas the
third one has a much lower value in the ratio 1 : 1.3 : 1.4 and

Fig. 5 Probability distribution of the average distance between nitrogen
atoms within the same molecule of 12-3-12 (a) and 12-6-12 (b) surfactants.

Fig. 6 Radial distribution function for intermolecular N–N pairs for 12-3-
12 (a) and 12-6-12 (b) micelles. The inset shows the total (blue dashed line)
as well as the mere intermolecular contribution to the N–N RDF (red line).

Fig. 7 Snapshot at 60 ns of MD simulations of the 12-3-12 (a) and 12-6-12
(b) micelles. Water, bromide ions and the hydrogen atoms of alkyl chains
are not represented for clarity. The head groups of each Gemini surfactant
are represented with different colors (blue and red) to better illustrate the
head group distribution on the micellar surface. The atoms of the spacer
are colored in cyan.
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1 : 1.4 : 1.5 for 12-3-12 and 12-6-12 respectively, indicating a
prolate ellipsoidal shape.

These results are in agreement with literature data for a
diluted solution of these surfactants, for instance with the
results obtained by EPR and SAXS.

(d) Molecular dynamics simulations of ODN/Gemini complexation

In order to investigate the complexation of nucleic acids with
micelles of Gemini surfactants from an atomistic point of view,
we started with classical molecular dynamics simulations of
four molecular systems composed of one molecule of the 21 bp
ODN (siRNA or siDNA) and one cationic micelle formed by 27
molecules of 12-3-12 or 12-6-12. The simulated systems allow
having the ratio between the number of phosphate groups of
ODNs and the number of ammonium groups of Gemini ([�]/[+])
of 0.74, close to the charge ratio used in the SAXS experiments.

For each MD simulation the initial configuration of the system
was constructed by placing the centre of mass of the micelle at
4.0 nm from the centre of mass of nucleic acid. The complexation
of nucleic acids by cationic micelles of 12-3-12 and 12-6-12
is driven by the electrostatic interaction between the cationic
head groups of Gemini surfactants and the phosphate groups of
nucleic acids.

Monitoring the temporal variation of the distance between
the centre of mass of the nucleic acid and the micelle (Fig. 8)
allowed following the formation of the ODN/micelle complex
and obtaining information on the kinetics of complexation. For
all the simulated systems such a distance decreases rapidly
within the first few nanoseconds and reaches a plateau with a
value of 1.6 nm as shown in Fig. 8. The association between the
micelle and the nucleic acid occurs within the first 10 ns of
simulations bringing to the formation of a stable complex.

It is generally accepted that complexation between nucleic
acids and cationic micelles or polyelectrolytes occurs via two
consecutive steps:51–53 (i) the partial desolvation and subsequential
removal of the counterions of both the aggregates and biomolecules
and (ii) the search of their optimal interaction. This process allows
obtaining the minimum value of the free energy of the molecular
system. Fig. 9 shows the snapshots at different times of MD
simulations of the siRNA/12-3-13 and siDNA/12-3-12 systems.

Initially, the interaction between micelles and nucleic acids
involves a few molecules of surfactants. After this initial phase,
the micellar aggregate optimizes the interaction with nucleic

acid by changing its shape and organization. The structures of
the complexes after 100 ns of MD simulations clearly evidence a
different organization of the surfactant molecules bound to
siDNA and siRNA.

In the case of siRNA, the micelle of 12-3-12 adopts a cigar-
shaped morphology and covers one of the faces of the siRNA,
that is facing the micelle in order to neutralize the charges of
the phosphate groups. In the complex with siDNA the micelle of
12-3-12 adopts an ellipsoidal shape and interacts only with a
portion of the helix of the nucleic acid that appears slightly
bent and wrapped around the micelle. On the other hand, the
ODN/12-6-12 complexes show structures similar to those of
ODN/12-3-12 complexes. In both cases, we observed a larger
deformation of the structure of the micelle in the complex with
siRNA and an ellipsoidal shape of the micelle in the complex
with siDNA (Fig. S3 in the ESI†).

We also analysed the complexation process in terms of the
number of close contacts between the micelle and nucleic acid.
Fig. 10a and b shows the time dependence of the number of
contacts between all Gemini atoms within 0.3 nm from the
ODN atoms. This number increases during the complexation
despite the different morphology of the helix of siDNA and
siRNA and depends only on the type of surfactant (not on the
nature of the nucleic acid). For the complexes siRNA/12-3-12
and siDNA/12-3-12 only a slight difference in the number of
contacts was observed between 45 and 75 ns of simulation due
to a temporary protrusion of the micelle into the major groove
of siDNA (Fig. 10a).

To obtain detailed information on the interaction between
the two components of the complex, we analysed the nature of
the contacts between surfactant molecules and the atoms of
nucleic acid. In Fig. 10c we reported the number of contacts
between the atoms of the micelle and (i) the backbone atoms of
the nucleic acid or (ii) the atoms of the bases of the nucleic
acid. For all simulated systems the surfactant molecules inter-
act primarily with the ODN backbone rather than with its bases.

Fig. 8 Distance between the center of mass of nucleic acids and the
micelles of 12-3-12 (a) and 12-6-12 (b). SiRNA/micelle system (red line),
siDNA/micelle system (black line).

Fig. 9 Structure of the simulated systems during various steps of
complexation: (a) siRNA with micelle of 12-3-12, (b) DNA and micelle of
12-3-12.
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The number of nitrogen/phosphorus contacts gives information
on the strength of the interaction between the micelle and nucleic
acid.54 The calculated average number of nitrogen/phosphorus
contacts is 28 � 3, 20 � 2, 28 � 3 and 25 � 3 for siDNA/12-3-12,
siRNA/12-3-12, siDNA/12-6-12 and siRNA/12-6-12, respectively. In the
complex siDNA/12-3-12 we observe a higher number of N/P contacts
with respect to the complex siRNA/12-3-12. These differences can be
rationalized considering the higher accessibility of phosphate
groups in the B-DNA with respect to the A-RNA. In fact, as shown
in Fig. 11, in B-DNA the phosphate groups are more exposed
with their oxygen atoms pointing outward from the helix axis of
the nucleic acid, whereas in A-siRNA the phosphate groups are
less exposed, their oxygen atoms being more directed toward
the minor groove of the double helix.55 In the complexes
containing the micelle of 12-6-12 we observed a similar number
of N/P contacts for both ODN/micelle complexes due to a higher
flexibility of the spacer in Gemini molecules. This allows a better
organization of the ammonium groups around the phosphate
groups (Fig. 11c and d).

The different accessibility of phosphate groups of B-DNA
and A-RNA allows us to make a hypothesis on the different
structure observed between the complexes siRNA/micelle and
siDNA/micelle (Fig. 9). In the siRNA/micelle complexes the
lower exposure of phosphate groups and the rigid structure of
ODNs determine a larger reorganization of the micelle that
adopts an elongated structure on the surface of the siRNA to
maximize the number of N/P contacts and optimize the inter-
action with the ODNs. In the DNA/micelle complexes, the
micelle does not need to deform its structure for obtaining
the optimal interaction with DNA, due to the accessibility of
phosphate groups of ODNs and the flexibility of DNA which
slightly bents and wraps the aggregate.

The analysis of the nitrogen atom distribution of Gemini
surfactants close to ODNs (within 0.3 nm of each atoms of

nucleic acid) evidences a reorganization of the head groups on
the surface of the micelle in the contact region with the
biomolecule. In all ODN/12-3-12 complexes the value of the
averaged intramolecular distance between nitrogen atoms of
Gemini is 0.51 nm, as in the case of an isolated micelle. In the
ODN/12-6-12 complexes the intramolecular distance between
nitrogen atoms slightly decreases with respect to the isolated
micelle of 12-6-12 (0.76 nm) with a value of 0.74 nm in siDNA/
12-6-12 and 0.73 nm in siRNA/12-6-12 (Fig. S5 of the ESI†). The
differences in the value of the intermolecular distance between
nitrogen atoms observed in the ODN/12-6-12 complexes reflect
the distance between the phosphate groups in siRNA (A-form)
and siDNA (B-form). In fact, as evidenced by the RDF between
phosphate groups of siRNA and siDNA (Fig. S6 of the ESI†), the
distance between two adjacent phosphate groups is 0.58 nm and
0.68 nm for siRNA and siDNA, respectively. The length of the
spacer of 12-6-12 allows modulating the distance between nitrogen
atoms and adopting the more favorable conformation for the
interaction with the phosphate groups of ODNs (Fig. 11c and d).

The reorganization of head groups in the contact region is
also confirmed by the analysis of the RDF of nitrogen atoms
(Fig. S7 of ESI†) of the Gemini close to the ODN surface.

In order to obtain information on the size of the monomeric
complexes, we calculated the values of the radius of gyration of
the complex, Rg(complex), and those of the micelle and nucleic
acid within the complex, Rg(mic) and Rg(ODN), respectively.

The average values of the radius of gyration obtained from
MD simulations are reported in Table 1. In the siDNA/micelle
complexes the value of Rg(mic) slightly increases with respect

Fig. 10 Number of close contacts between ODNs and the micelle of
12-3-12 (a) and 12-6-12 (b) (number of micelle atoms within 0.3 nm from
any nucleic acid atom) as a function of time. Black lines siDNA/micelle, red
lines siRNA/micelle. (c) Number of contacts between all atoms of the
micelle with the backbone atoms (orange) and the atoms of the bases
(cyan) of the nucleic acid.

Fig. 11 Snapshots of siRNA/12-3-12 (a), siDNA/12-3-12 (b) siRNA/12-6-12
(c) and siDNA/12-6-12 (d) after 100 ns of MD simulations. The ODN molecular
surface is shown in white and the phosphate groups are shown as CPK
spheres (the phosphorus atoms in orange and the oxygen atoms in red). The
Gemini molecules within 0.3 nm from the ODN atoms are shown in stick; the
head groups are coloured in blue and red and the spacer is coloured in cyan.
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to the value obtained for the isolated micelles of 12-3-12 and
12-6-12, 1.47 and 1.57 nm respectively. In the complexes with the
siDNA, the micelles of 12-3-12 and 12-6-12 deform slightly their
structures with respect to the isolated aggregate maintaining sub-
stantially an ellipsoidal shape with the principal moments of inertia
in the ratio 1 : 1.3 : 1.5 and 1 : 1.5 : 1.7 for the micelles 12-3-12 and
12-6-12, respectively. The value of Rg(mic) of the siRNA/micelle
complexes is greater than that obtained in the complexes with siDNA
and confirms the larger deformation of the micelle aggregates in
these complexes due to optimisation of the interaction with siRNA.

These results highlight the peculiar features of the micellar
aggregates with respect to other types of nanoparticles, such as
dendrimers56 or gold nanoparticles,57 used for complexing nucleic
acids. Dendrimers or gold nanoparticles present a more rigid
structure with respect to micelles due to stronger chemical bonds
(covalent and metallic bonds, respectively) joining the different
parts and functional groups of nanoparticles. In the micelles, the
surfactant molecules interact through non covalent bonds, i.e.
weaker interactions, providing the flexibility to the complexes
necessary to adopt the most favourable shape and organization.

(e) Dimeric complexes

The structure of the ODN/micelle obtained by MD simulations
highlights an asymmetrical neutralization of the ODN charges by
the interaction with Gemini aggregates. This asymmetrical neutra-
lization is responsible for the assembly of different complexes to
form the large aggregates (15–20 nm) evidenced by the SAXS
results. In order to obtain structural information on the aggregates
containing various units of the ODN/micelle complex, we studied
the aggregation of two units of ODN/micelle for the four systems
siRNA/12-3-12, siDNA/12-3-12, siRNA/12-6-12 and siDNA/12-6-12.

Fig. 12 shows the structures obtained for the dimeric complexes
containing two molecules of ODNs and two micelles of Gemini
after 100 ns of MD simulations. The dimeric complexes containing
siRNA appear more compact and more ordered with respect to
DNA complexes in agreement with the SAXS results.

The averaged radius of gyration listed in Table 2 confirms
the formation of a more compact architecture for the siRNA
with respect to siDNA.

In the aggregates formed by two ODN/micelle complexes,
the ODNs and the micelles are organised in a ‘‘sandwich’’ like
structure in which ODNs and micelles are alternately layered.
The intermicellar distances, calculated by the distance between
the centre of mass of two micelles in the dimeric complexes, are

reported in Table 2. For the complexes containing siRNA, we
observed a lower intermicellar distance due to the flattened
morphology of the micelle arranged between the ODNs compared
to the complexes with DNA. The values of the intermicellar
distance obtained from MD simulations are in agreement with
the values of the repeat distance obtained by SAXS experiments
(3–4 nm). This difference in final packing can be related to the
difference of deformation observed in the 1 : 1 complex. It was
observed that surfactant micelles were more prone to get
anisotropic when complexed with RNA than when complexed
with DNA. As a result, and because cylinders pack at a higher
volume fraction (92%) than spheres (74%), the 2 : 2 complex
with RNA is more compact.

Conclusions

Non-viral carriers for siRNA delivery are widely investigated in
gene therapy research as a safer alternative to viral vectors.
However, the transfection efficacy of complexes between synthetic
vectors and genetic material still remains too low for envisaging
extensive use. Thus, deeper knowledge of the structure and
functioning of these complexes at the molecular level should be
beneficial to understand, and possibly improve, their performance.

Table 1 Radius of gyration (Rg, nm) for ODNs, micelles and complex in
complexes of ODNs (siDNA or siRNA) with micelles of Gemini 12-3-12 and
12-6-12

System ODN Micelle Complex

siDNAa 2.15 � 0.01
siRNAa 1.90 � 0.03
siDNA/12-3-12 2.00 � 0.03 1.53 � 0.04 1.90 � 0.04
siRNA/12-3-12 1.86 � 0.01 1.66 � 0.02 1.88 � 0.01
siDNA/12-6-12 2.01 � 0.02 1.63 � 0.03 1.94 � 0.01
siRNA/12-6-12 1.82 � 0.01 1.78 � 0.04 1.93 � 0.01

a MD simulations of ODNs without micelles.

Fig. 12 Structure of the dimeric complexes of (a) siRNA/12-3-12, (b)
siDNA/12-3-12, (c) siRNA/12-6-12 and (d) siDNA/12-6-12 after 100 ns of
MD simulations.

Table 2 Gyration radius (Rg, nm) of ODNs, micelles and complexes in
dimeric complexes of ODNs (siRNA or siDNA) for 12-3-12 and 12-6-12
Gemini. The intermicellar distance (d(mic), nm) is taken between the
centre of mass of two micelles in dimeric complexes

System ODN Micelle Complex d(mic)

siDNA/12-3-12 1.96 � 0.01
1.95 � 0.02

1.59 � 0.04
1.57 � 0.01

2.68 � 0.02 3.80 � 0.03

siRNA/12-3-12 1.75 � 0.03
1.83 � 0.01

1.59 � 0.03
1.63 � 0.02

2.50 � 0.01 3.48 � 0.04

siDNA/12-6-12 1.93 � 0.01
2.01 � 0.02

1.67 � 0.02
1.67 � 0.03

2.75 � 0.03 3.77 � 0.02

siRNA/12-6-12 1.82 � 0.01
1.84 � 0.02

1.65 � 0.01
1.72 � 0.01

2.65 � 0.01 3.57 � 0.06
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Comparatively few studies in current literature deal with short
DNA fragments, which are also interesting both for theoretical
reasons and biomedical applications. The comparison between
siRNA and siDNA is subtle and can be addressed only by high
resolution methods. In this paper we compared the physico-
chemical properties of RNA and DNA oligonucleotides complexed
with micelles of Gemini surfactants by combining Tr-SAXS measure-
ments and MD simulations.

While Tr-SAXS provides information on the size and shape
of the complexes at the intermediate-long time scale (from
10–20 millisecond to several minutes), MD simulations are able to
give atomistic details at the first instants after the component
assembly (from 10 to 100 ns).

Some of the most relevant results are the following:
(i) SAXS and MD both show that the complexes formed by

siRNA are more ordered and tightly packed than their siDNA
counterparts;

(ii) the structures of dimeric complexes ODN/micelle obtained
by MD simulations are in agreement with the sandwich structure
(alternate layers of micelles and ODNs), previously found for the
system siRNA/Gemini with SAXS experiments;

(iii) the intermicellar distances in the dimeric complexes
obtained by MD simulations are in agreement with the values
of the repeat distance obtained from the SAXS experiments.

Therefore, the ensemble of the results extracted from techniques
which probe different time scales indicate that the internal structure
assumed at the very first nanoseconds is basically maintained
afterwards. From the mechanistic point of view such findings allow
us to visualize the process of complex formation as a squeezing of
Gemini micelles between the harder molecules of double strand
ODNs, but can be also profitably used to establish application
protocols. In fact the present study confirms the spontaneous and
quick formation of stable complexes, thus allowing easy preparation
in situ prior to use. The observed stability also suggests that during
standard times required for administration the complex integrity is
guaranteed. Moreover, the number of contact analysis indicates that
complexes with 12-6-12 are more stable than those with 12-3-12,
while this latter surfactant has a slightly higher affinity for siDNA
rather than siRNA.

Although our all-atoms MD simulations were performed on
ODN/Gemini complexes of limited size with respect to the
complexes observed by SAXS experiments, the results obtained
by computational and experimental investigations are in good
agreement. Further, the atomistic analysis performed in this
study is the fundamental basis for the simulation of larger
aggregates and longer times (Bmilliseconds) similar to the
time scale of Tr-SAXS. This time scale can be accessed by coarse
grained MD simulations, to obtain insights into the structure
and organization of more extended complex systems.
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