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Abstract

The nanostructuref DNA with different cationic surfactant has bestudied in order to elucidate the
detailed arrangement concerning the position of Ca¥éd surfactant domains in the complexes. Also, the
orientation of the DNA cylinders in the thin filmsf the complexes was investigated. Attention was
directed on the preparation methods of the complexel to how the different surfactant structurecf

the compaction of the DNA. The cationic surfactBiNA complexes were investigated by X-ray
scattering, Polarized light Microscopy and ElemeM&roanalysis. It was observed that the molecular
organization of the complexes between DNA and oatisurfactant correspond to a hexagonal structure
with different packing arrangements. The nanostmect of the complexes depends on the
hydrophobic/hydrophilic balance of the cationic faatant. In particular the use of arginine derived
surfactants, with a large polar head group ablatgract not only by electrostatics but also byrogan
bonding, allows for the formation of more compatuctures. The results suggest that the smaller the

lattice parameter the more compact and stableeisdimplex implying slower DNA release.

1. Introduction

The development and the study of the nanostructuf2NA derivatives are a fundamental achievement
in the field of biomaterials for pharmaceutical bgions. It is well known that naturally derived
polyanions such as nucleic acids (DNA and RNA) sglfrassemble with cationic lipids or surfactants v
electrostatic attractions, thermodynamically drii®nthe release of counteriohdpplications of these
types of complexes are frequently used in the dielfl pharmaceuticals and gene delivefyMost of
these complexes are dispersed in aqueous soluttbrwell understood characterized structufrd$.The
interaction between oppositely charge amphiphitess macromolecules has also relevance in biological
systems. For instance, in gene transfection therséue collapse and swelling of DNA molecules are
required. This behavior can be achieved by subsgqaenplexation of DNA with cationic surfactants.
The DNA condensation has received considerablentaite in recent years due to its biological
importance in DNA packaging in virus heads, as wasllin the development of gene delivery vehitles.
Multivalent metal cations and positively chargedypwers, such as polyamines or peptides are known to

provoke the condensation of DNA to particles thaiear as rods, toroids or spheroids under therefect
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microscope. It was shown that the oppositely crcapgdyelectrolytes, such as the proteins, lysozgm
protamine sulfate, are very efficient compactioerdg® The conformational behavior of DNA in the
presence of proteins follows a discrete transibetween expanded coil and condensed globule, with a
coil-globule coexistence region. Pinto et.*’ashowed that it is possible to obtain a variety of
conformations, degrees of compaction and aggregaiioply by controlling the way DNA comes into
contact with the condensing agent.

The mixtures of DNA and cationic surface active acoles constitute the basis of formulating DNA. For
this reason, it is evident the need for a bettedewstanding of the structures formed and of the
interactions in mixed systems of DNA and surfagdanFor uses in the biomedicinal field,
biocompatibility and biodegradability of the velgigholecules is needétiAmong the possible surfactant
candidates, the amino acid derived surfactants daenily of choice, because of good biocompatiilit
Therefore, these surfactants are of great intarehbe field of novel non viral drug delivery dee&*>****

Up to now it has been found that the complex stmect(such as lamellar, inverted hexagonal or
hexagonal) mainly depends on the lipid used for mlemation®> *® However, the results, in term of
nanostructure of the complexes are not clear. Hasans are the orientation of DNA domains and
surfactant conformation. Because non equilibriumcstires strongly depend on the preparation method
is important the knowledge of the mixing protocolsy instance a simple preparation of cationic
surfactant-DNA films or gel particles was previgustported:’*® Nanoparticles formed from oppositely
charged polymers and surfactants might displayegfit structures and compositions. The number of
applications proposed for nanoparticles is conbtaimcreasing, being reflected in a particularly
prominent number of papers and patents, as wétirasilations undergoing clinical trials. It is fregntly
observed the application in the pharmaceutical, ahealist of commercially available products beesm

very narrow, mainly because of regulatory hurdeedeémonstrate their safety for human use.

The difficulties encountered with the nanostrudtacntrol in the complexes have motivated attentpts
prepare well-ordered films/particles. Recent staidhelicate the formation of a columnar hexagortalid
crystalline packing of DNA in the presence of pohyaes and other multivalent cationsX-ray
diffraction studies of DNA-lipid/surfactant systerhave shown the presence of organized structures,
mainly liquid crystalline in natur&?® However, little is known about the behavior of t@mplexes at
microstructure level. The aim of this work is tardy the hexagonal-lamellar structure of the scidat-
DNA complexes and also to clarify the orientatidnDNA domain in thin films. This last point has
relevance because the dry films or coatings mag kigstinct advantages for drug or nucleic acidveeli
such as direct implantation at the site interesgct storage capabilities, ease of handling, Bbe drug
release behavior and catalytic activity of theseoparticles are strongly influenced by their moiplg.
The size will affect the level of cellular uptaketbe drug, the thickness and porosity the drugspart



efficiency, and the drug loading concentration tekease rate. The drug delivery application of DNA
nanomaterials includes the collapse of extended @BN&ns into compact, orderly particles containing
only one or few molecule€d:*?For these reasons, the study of microstructurtbede complexes has an

up to date importance.

In this paper, we present a systematic investigatiothe dry films prepared by different methodsXey
ray scattering, polarized light microscopy and edatal microanalysis. The general nanostructure of
cationic surfactant-DNA complexes will be discussedl also potential practical applications of the
results will be suggested.

2. Experimental Section
2.1 Materials

The sodium salt of deoxyribonucleic acid (DNA) frosalmon testes of an average degree of
polymerization of about 2000 base pairs was pusghd&om Sigma-Aldrich and used as received. The
DNA concentrations were determined spectrophotaoadty (assuming that, for an absorbance of 1 at
260 nm, a solution of DNA has a concentration ofi§0nL).%*

Cetyltrimethylammonium bromide - CTAB, myristyltrethylammonium bromide - MTAB and sodium
bromide - NaBr were obtained from Sigma-Aldrich.eThrginine-N-lauroyl amide dihydrochloride
(ALA) and N*-lauroylarginine-methyl ester hydrochloride (LAMeve synthesized in our laboratGf?>

All experiments were performed in 10 mM NaBr salas, using Millipore Milli-Q deionized water.
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Figure 1: Chemical structure of the studied cationic sudats. a.) Myristyl-trimethylammonium bromide— MTAB
b.) Cetyl-trimethylammonium bromide — CTAB, c.) Amge-N-lauroyl amide dihydrochloride — ALA and d\j-

lauroyl-arginine-methyl ester hydrochloride — LAM
2.2 Sample Preparation

DNA stock solutions were prepared in 10 mM NaBstabilize the DNA secondary structure in its native
B-form conformation. The surfactants were also alissd in 10 mM NaBr. Particles or films were
prepared at defined ratio R, where R = [DNAJJ[Svhere [S] is the concentration of the corresponding
surfactant system. In the case of ALA$ the equivalent surfactant concentration, tgkim account
the positive charges in the molecule. In all cagpdlA] was equal to 2 % (w/v) and the surfactant
concentration was also 2 % (w/v), which for alltlém, results in concentrations, around 60 mM. gJsin
the stock solution of DNA and of surfactants thiygees of sample preparation were applied (FigurelS

Supplementary Information):

Method 1 - Particle formation, DNA solutions were added drop wise into gentletaded
surfactant solutions. After 2h, the formed parsclgere separated by filtration from surfactant
solution and washed with water, to remove the exoésurfactant and salt. For measurements the
particles were open with a needle and fixed omtedliass surface;

Method 2 - Film formation on a flat surface, the DNA and surfactant solutimere
simultaneously sprayed on flat glass surface.

Method 3 - Film formation in capillaries, first the DNA solution was introduced in the digoy

and then slowly the surfactant solution was ad@é&ey few seconds at the interface of the two

solutions the film formation was observed.
2.3 Polarized Light Microscopy (PLM)

A Zeiss polarized light microscope equipped withikkam LTS120 hot stage, controlled by PE94 unit
was used. Images were acquired with a Canon PowefS0 Wide Zoom digital camera. Anisotropic

liquid — crystalline phases give rise to typicaklffingent textures under polarized light.
2.4 Small Angle X-ray Scattering (SAXS) and Grazing Incidence SAXS (GISAXS)

Small Angle X-ray measurements were carried oumgusi S3-MICRO (Hecus X-ray systems GMBH
Graz, Austria) coupled to a GENIX-Fox 3D X-ray soel(Xenocs, Grenoble), which provides a detector
focussed X-ray beam with the Cu#ine (wavelength 1.542 A) with more than 97% puend less than
0.3% Ko. Transmitted scattering was detected using a P@&Biécus in 1D experiments with a pixel
resolution of 54.2um and approximately 1 cm pixel width and a CCD Gam@licrophotonics Inc.) for



the 2D images with a pixel size of 28.6 x 2@58°. Temperature was controlled by a Peltier TCCS-3

Hecus model working with +0.2C resolution.

For the X-ray measurements, the gel particles hadiims were dried. All the measurements were done
at room temperature under vacuum. The dry surfagewders were inserted in a glass capillary 1 mm

diameter with 2Qum wall thickness. The surfactant-DNA films were dsiped on glass-plate.

The SAXS scattering curves are shown as a fundiidhe scattering vector modulus,

_4m B
q=—-sin 7

where0 is the scattering angle aidhe wavelength of the radiation. ThQeange obtained with our setup
was between 0.08 — 6 filrin the SAXS regime® The system scattering vector was calibrated by
measuring a standard silver behenate sample. Tdteelsog curves show mainly slit-length smearing
because of the use of a detector focused small §@@énx 400um full width at half maximum). This
mainly produces a widening of the peaks without adiceable effect on the peak position. The
instrumentally smeared experimental SAXS curveswigted to numerically smeared models for beam

size and detector width effects.

In the GISAXS configuration, the samples were dépdson glass plates. The samples were oriented
with respect to the incident beam using a highitggm stepper motor. The angle was kept betwegn 0.
and 0.8 degree. The 2D images were analyzed witB-koftware to obtain the one-dimensional spectra

or radial cuts.

3. Results and discussion
3.1. Observations related to sample preparation

In order to clarify the nanostructure of cationizfactant-DNA complexes, in this work three differe
methods were studied for the complex/film produtti®everal aspects inherent to the preparation
procedure will be mentioned that affects the fimalperties of the particles. In a recent stidy which

we produced cationic surfactant-DNA gel particiésyas observed that a positive/negative charge rat
around 1 resulted in the formation of particleseThain purpose of this work was to investigate the
nanostructure of cationic surfactant-DNA materiafed lead to new insight into how drug delivery

systems can be designed on the basis of approphate behavior.

The structure and properties of the studied congdgen thin film geometry can be significantly driéat
from the bulk properties. The presence of two famws, the air-film interface and film-substrate
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interface, can induce preferential ordering inftmas, in particular, if the film thickness is dfi¢ order of
the typical length scale of the macromolecule nsttature.

The direct association of cationic surfactant toADdecreases the effective charge of the nucleid, aci
allowing the surfactant-DNA complex to form a mearie. DNA gel particles and DNA films were
prepared using solutions with a concentration ghahR = 1. The formation and the stabilizatiorthe
DNA gel particles were earlier studfd® using mixtures of DNA and cationic surfactantstHis work,
the nanostructure of the obtained translucentpggicles were studied in detail, in particulathe form
of stable cationic surfactant-DNA films.

The studied DNA gel particles were obtained by ngxdouble stranded DNA with single chain cationic
surfactants. The structure of the latter differbiydrophobic chain length and also in the hydropiiead
group. The polar/hydrophobic character of the ceutitn, as earlier studies show, have an importat

in the final properties of the particles obtaiffedhe studies were carried out on films obtainednfthe
different methods (please refer to the above se@id for more details on the preparation methobisg.
thicknesses of those films were between 1-2 mmthay showed an opaque structure. Measurements

were carried out on dry films in vacuum.
3.2Lyotropic Properties by Polarized Light Microscopy

The phases formed by DNA and cationic surfactampiexes can be identified initially using polarized
light microscopy (PLM). All complexes were found b@ birefringent under the polarized light. The
gualitative phase behavior of the materials waslesl by microscopy, and the obtained results are
presented in Figure 2. The first observation waes dliferent texture of these complexes. Not clearly
defined structures were observed. However, for damples prepared by the different methods the

coexistence of lamellar or hexagonal structure nvamly detected.



Figure 2. Representative optical polarized display micrpbsafor surfactant-DNA complexes at 25 using
different methods: a), b), d) and e) are DNA filmistained using method 1 and opening the correspgndi
particle; c) and f) are DNA films obtained usingthe 2 obtained by spraying method. The scaleshawn in ¢)

is valid for all the micrographs and corresponds@am. — point to lamellar and® to hexagonal textures.

The PLM image in Figure 2 exhibits the coexisten€erossed textures and veins, which are typical
texture for the lamellar () phase and some “fan” pattern for the hexagondtéa(H)? The textures
formed by CTAB-DNA, MTAB-DNA, LAM-DNA from the apparance of the optical texture can readily
be identified as a lamellar liquid-crystalline pbdsy its characteristic texture. For ALA-DNA, nary
defined structure was observed. The appearancheosmoky texture and the presence of spherulites
suggest a hexagonal strucireSurfactant-DNA complexes additionally form sohieefringent crystals
with sharp edges, by method 2 (dry film by spraymethod). These crystals might be ascribed to mgryi
sample thickness and the contact time of the tvatisas. For all investigated complexes, it wasnou
reproducibly that the birefringent texture of tilen changes gradually with the thickness of tHéses.

3.3 X-ray scattering studies
3.2.1. SAXS Sudies

Further insight into the structural properties loé ttonstituent phases of the different formulatioes
obtained by using X-ray scattering measurementsX@And GISAXS). As it is well known SAXS
intensities are Fourier transforms of the correlafunction, which in turn is a product of the fofactor

and the structure (interference) factor.



For a systematic study first the dry powder of toeresponding surfactants were measured in a glass
capillary (with 1 mm diameter) &5+0.PC. The SAXS spectra of the surfactants are presentedyure
3. The small-angle X-ray diffraction pattern shoveederies of reflection peaks characteristic ofeléan

packing for each surfactant.
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Figure 3: SAXS spectrums of the studied dry surfactant povedegoom temperature (25+6Q). In order, from
bottom to top: CTAB ), MTAB (o), ALA (A) and LAM (). The curves have been smoothed by adjacent

averaging of 5 points.

The X-ray patterns consist of two or three peakhé&small angle scattering vectpm the ratio 1: 2: 3.
Further, all Bragg peaks have similar profiles. Tinéermolecular distance is changing with the
hydrocarbon chain length, and this can be obsearvéte position of the last peak in the spectrae Titst
maximum in the scattering intensity will be treateda lamellar peak. Table 1 summarizes the postio
the first Bragg-reflection, the corresponding maiplgy, and it'sd-spacing. For CTAB and MTAB
surfactants (16 and 14 carbon atoms in the hydoocachain), the parameters are smaller compared to
the arginine—derivatives with 12 carbon atoms ahigdrocarbon chain. The SAXS studies show that, fo
the surfactants with 12 carbon atoms in the hydhmrachain, the repeating distance is 34.5 and 82.9
for ALA and LAM respectively. The structure of ALAnd LAM surfactants differs mainly on the
connection of the alkyl chain to the carboxyl grd@.A) or to o amino group (LAM) of arginine (see
Figure 1), and the repeating distance is not cmgngignificantly. In the case of MTAB and CTAB, an
alteration of the hydrophobic chain length can bseoved in the packifly as the hydrophilic part of the

molecules contain a bromide, the molecules pack @peating double layer and the hydrophobic chain
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are tilted with respect to the basal plane. In @it it was shown by Paradies et*athat different

conformation can be observed depending on the C@Btals growth conditions within a narrow range

of physical parameters including the applicatioroanic solvent. Different polymorphs were obtdine

where the CTAB molecules were packing in a bilayerd the Branions were located at different

positions in the three CTAB polymorphs with respecthe extended n-alkyl chains (around 0.4 nm far

away from the quaternary nitrogen). The widely eliéint repeating distances for the quaternary

ammonium salts (as compared to the lipoaminoacidsa reflection of the different structure of godar

heads which affects also the hydrocarbon chainipgck is clear that the preferred structure rabe

much more extended in the latter than in the former

Table 1: SAXS characterization of the studied surfactants

Dry surfactant fax (A Morphology d (nm)
CTAB 0.244 Lamellar 2.57
MTAB 0.254 Lamellar 2.49

ALA 0.182 Lamellar 3.45
LAM 0.191 Lamellar 3.29

Furthermore, the nanostructure of the surfactan&@Nmplexes was studied in dry conditions. The dry

films of surfactant-DNA complexes were investigabgdSAXS and GISAXS measurements. For CTAB-
DNA, MTAB-DNA, ALA-DNA and LAM-DNA complexes, the sucture is manifestly different to that

of the dry surfactant. In Figure 4 SAXS spectr&afionic surfactant-DNA films obtained using theeth

different preparation methods are shown.
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Figure 4: SAXS spectra for Cationic surfactant-DNA films ainied using the different preparation methods at
room temperature (25+0Q). The spectra are shown from top to bottom: Méthdo) Method 2 ¢) and Method
3 (A). The curves have been smoothed by adjacent amgrafj5 points. The small arrows show the appratanm

position of the hexagonal lattice peaks.

The SAXS spectra for the CTAB-DNA film obtained mgimethod 1 (opening the DNA gel particle) and
method 3 (in capillary at the interface) are vamilar. A hexagonal packing of rod-like particlesosild
produce scattering pattern with peaks in 32 order. The absence of a second and/or the pleiadk
from a hexagonal structure can be due to the oeccerof minima of the scattering form factor clese
the expected reflections as shown by Krishnaswarmyale®® Preferred orientation of the rods
perpendicular to the film normal would hinder tHeservation of the/3 peak. The X-ray measurements
show a relatively broad peak with a maximum in thege ofg=1.1-1.8 nrit. In the SAXS spectra of
Cationic surfactant-DNA film prepared by methodd2y(film by spraying method), two additional sharp
peaks can be seen. These peaks correspond té' thed12? peak of the dry surfactant, which can be
explained by the fact that, in this method, thetaontime of the DNA and surfactant solution isyer
short, promoting a smaller amount of surfactant-Débplex in comparison of that formed using the
method 3 (in capillary at the interface). The emgntative SAXS spectra of MTAB-DNA, ALA-DNA
and LAM-DNA films, obtained using the different pagation methods, clarify that the structure of the

complexes formed by method 1 and 3 is very sinaitat can be ascribed to a hexagonal packing.

Table 2 shows the corresponding lattice parametedsthe repeat distance obtained for the different
surfactant-DNA complexes. The peak of the corredpan surfactant-DNA complex has the same
position, indifferent from the applying method. $hs a bit surprising taking into account that the
complex prepared by method 1 is measured in thestg (vacuum) while the complex prepared by
method 3 is measurad situ. The consequence of this observation is that dhmdtion of the complex

produces a complete or nearly complete dehydrafionording to the peak positions of complexes and
taking into account a hexagonal packing we estiraateaximum water content of 9 molecules per base

or a 20% volume.

Table 2 Characterization parameters of the surfactant-Dédfplexes obtained from open DNA gel

particles, method 1.

10



from 1D data
Complexes
d (nm) a (nm)
CTAB-DNA 5.47 £ 0.05 6.54 + 0.05
MTAB-DNA 492 +0.05 5.68 £ 0.05
ALA-DNA 4.22 +0.05 4.87 +0.05
LAM-DNA 4.69 +0.05 5.41 £ 0.05

Studying in more detail the process of preparabgmmethod 3, it was observed that the complex is
forming only on the interface. In Figure 5, an epéanof the SAXS measurements at a different level i
the capillary is presented. At the beginning of tmmtact of the two samples, a very thin layer is
observed. Visually, with time, the film gets thickand-thicker, but the structure remains the same a
judged from the SAXS scattering curves. The spddtlie process depends on the surfactant and DNA
concentrations. As it can be observed in the aapillthe interaction of DNA and MTAB is very fast.
After half an hour at the bottom (DNA solution) atié top (MTAB solution) of the capillary, no peaks
were observed in SAXS measurements. Although thieoelld be some depletion of surfactant and DNA
at each side of the film, we were not able to qéarnt The complex was formed only at the inteaaf

the two solutions in a very thin layer, and thisfis stable. This behavior of the complex formatio
capillary was also observed for the other surfadldA complexes. In the film structures, the
orientation of DNA domains should be parallel te ihterface and this orientation is better definmed

GISAXS measurements.

I (a.u)
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Figure 5: SAXS spectra for the MTAB-DNA film obtained usitige method 3 (in capillary) and measurements at
different levels. From bottom to top, measuremdrihe MTAB solution ), MTAB-DNA complex @A) and DNA
solution @), respectively. The curves have been smootheddfacent averaging of 5 points. The small arrows

show the approximate position of the hexagondtkatfteaks.

3.2.2. GISAXS Sudies

It is well known that cationic surfactant-DNA corages form liquid crystats® **However, conditions
for the formation of such structures are not sidfily fully covered yet. Due to the low scattering
volume obtained of thin films for SAXS analysis, weopose GISAXS measurements in order to
characterize the surfactant-DNA complexes obtausgdg method 2 (dry film by spraying method) and
compared with those obtained using method 1 (ogemNA gel particle). GISAXS is the method which
was used in the last years for characterizationthof flms and the previously difficult to intergre
patterns of SAXS and GISAXS nowadays are relatiwtgightforward*>*Therefore by GISAXS we

investigate our complexes to get a better undedsigrof the formed nanostructure.

Figure 6 shows the representative GISAXS spectr#hio different surfactant-DNA complexes obtained

using both preparation methods.

CTAB-DNA MTAB-DNA ALA-DNA LAM-DNA

CTAB-DNA MTAB-DNA ALA-DNA LAM-DNA

Figure 6: 2D GISAXS spectra of the corresponding surfacBNA complexes obtained using method 1 (opening
DNA gel particle) - (A) and method 2 (dry film bprslying method) - (B).

Figure 6A shows the 2D GISAXS spectra of the suaf@cDNA complexes corresponding to the films
obtained using method 1 (opening the DNA gel pkadic In rowA, strong signal can be observed at

differentq values according to the surfactant used. Tlgeg&lues coincide with the ones detected using
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1D detector (see values in Table 2). The existafice diffuse ring on these spectra makes diffitolt
distinguish the second peak of the hexagonal agraegt visible for some samples using the 1D datecto
As the rings are broad, it is evident that the fdtructure is powder-like with some short rangeeord
However, in case of surfactant-DNA complexes oladirirom films using method 2 (dry film by
spraying methaog an orientation can be observed for all surfacBAA complexes except for MTAB-
DNA complexes (see Figure 6B). This orientatiortha pattern, suggest a parallel orientation, thaai
hexagonal packing of cylinders on the surface. Thearly was observed for ALA-DNA sample where,
azimuthal plots at thg of the maximum showed that weak peaks were pregént +60. In the pattern

of this picture (2D spectra of ALA-DNA from Figu® shows spots exhibiting the six-fold symmetry
(see Supporting Information Figure 2S) additionebks at +2% are also present in the hexagonal
arrangement according to simulation (dashed cury@gure 2S). The presence of spots instead osring
in the pattern is undoubtedly a sign for a longgeanrder and substrate induces orientation. Thierasf
orientation cannot be seen in the surfactant-DNémexes obtained using method 1 (opening DNA gel
particles), suggesting the which should be duéeathickness of the film, which in case of the roeti2
(dry film by spraying method) is thinner and alke olume of the two solutions is fixed. This effeas
observed in earlier studies and was mentionedtieafilm thickness can favor a parallel (commenw)ra
or perpendicular (incommensurate) orientatfdrAnother explanation would be, for example, the
incomplete complexatioof the surfactant-DNA complexes. The diffuse scattgin 2D becomes better
defined for the samples prepared using method\2fildr by spraying method). The relative weakneks o
the spots (Figure 6B) suggests that a lamellargobas be predominant in comparison to the hexagonal
structure. A diffuse ring in GISAXS indicates akaaf long-range and orientation order. Althoughsthi
scattering pattern could be interpreted as a cytinitype microstructure, the possibility of nonemted
lamellar phase cannot be excluded. From the obdgradern can be deduced that the surfactant-DNA
complexes contain cylinders while the lattice pagtan of the hexagonal packing was a few nanometer.
The characterization parameters of the studied tap from 2D measurements are summarized in
Table 3.

Table 3 Characterization parameters of the surfactant-2#plexes from 2D measurements

Method 1 Method 2
Complexes
d (nm) a (hm) d (nm) a (nm)
CTAB-DNA 5.24 + 0.05 6.05 £ 0.05 5.24+0.05 | 6.05+0.05
MTAB-DNA 4.55+0.05 5.25 +0.05 3.27+0.05 | 3.78+0.05
ALA-DNA 3.90 £ 0.05 4.50 + 0.05 4.00+0.05| 4.62+0.05
LAM-DNA 4.65 + 0.05 5.34 £ 0.05 4.49+0.05| 5.18+0.05
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The surfactant-DNA complexes prepared by differapthods are formed due to the strong electrostatic
attraction between the negatively charged DNA dredpositive surfactant aggregates, and according to
the X-ray measurements show close-packed nanastesctThe fact that MTAB and CTAB forms
elongated micelles (ellipsoid like) in the vicinibf DNA***favors the formation of the complex. It is
highly probable that with increasing the size o tmead group, like in the case of ALA and LAM
surfactants, the micelles formed in the correspampdiurfactant-DNA complexes (ALA-DNA, LAM-
DNA) can have a smaller hydrophobic core and aeldrgdrophilic domain which allows for stronger
deformation of the micelles. A deeper analysishef data indicates the presence of a stronger atiena
between the cationic surfactant and DNA. For althef studied complexes, a hexagonal packing was
observed. Potential nanostructures of the hexagmawkiing of the studied surfactant-DNA complexes ar
shown in Figure 7. For the films obtained using iethod 1 (opening the DNA gel particles) and det t
dry on a glass surface (Figure 7A) the nanostractirthe surfactant-DNA complex would present a
hexagonal packing. In the unit cell of the 2D hextaa structure, there is a central cylindrical aorént
aggregate (CTAB, MTAB, ALA or LAM micelle) that isurrounded by DNA helices. The surfactant
micelles are hexagonally oriented around the DNAeawles in different arrangements (see Figure 7B
and C).

gel particles

\J fd;‘ Opening the “
3 Ll %aas

oo
W8 . 85
*. ® A

Figure 7: Schematic representation of the surfactant-DNAosanctures: (A) Hexagonal packing, (B) 2:1 packing

arrangement and (C) 3:1 packing arrangement. Tdheireles correspond to the DNA helices and the{gteen
micelles for the surfactant cylinders. The (B) @60l structures were proposed for CTAB-DNA complekgd eal

at al®

In order to have a better general view on the caitipo of the surfactant-DNA complex on the films
obtained using the method 1 additional Elementadlysis of the dry films in the form of powder was

carried out.
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Table 4: Percentage of carbon and nitrogen content andalicelated number of surfactant molecules per @se b
of DNA segment.

C% N % C/N Surfactant/Base molar ratio
DNA 29.7 12.99 2.29 -
CTAB 62.65 3.84 16.32 -
MTAB 62.65 3.85 16.27 -
ALA 52.05 16.87 3.09 -
LAM 55.95 13.74 4.07 -
CTAB-DNA 52.25 10.10 5.17 1.47
MTAB-DNA 52.66 10.10 5.21 1.78
ALA-DNA 45.50 16.50 2.76 2.18
LAM-DNA 50.54 14.63 3.46 1.86

According to the experimental results and usingctmdon/nitrogen ratio, we can calculate the nunolber
surfactant molecules per DNA base (Table 4). For ¢hlculation, we consider for each DNA segment
four bases (guanine:cytosine:adenine:thymine). @sults suggest that each DNA base is surrounded
with more than one surfactant molecule.

From these results, we can give a possible exptanatf mutual arrangement of DNA helices and
cationic surfactants in the complexes. Taking iatxount the different packing arrangements for
electroneutral complexes as constituted by DNAcdesliand CTAB cylinders in 6-fold symmetry
arrangements (helix:cylinder ratios 2:1, 3:1 antl) firoposed by Leal et &.our calculations can be
summarized as follows. We have used a value of A7&r DNA base and taking into account the
hydrophobic length of the surfactants to form ogéirs. For the surfactants, the used length andnelu
values are summarized in Table 5 together withthieretically calculated surfactant/base molaorfdr

the different DNA helices/surfactant arrangements

Table 5: Characteristic parameters of the studied catisaitactants

_ | Surfactant/Base molar ratig
Hydrophobic| Hydrophobic )
3 for different arrangements
length /A | volume / A
2:1 3:1 51

CTAB 21.7° 460 2.73 1.82 1.09
MTAB 19.2 406 2.42 1.61 0.97
ALA 16.7 352 2.12 1.41 0.85
LAM 15.0%° 325 1.84 1.23 0.74
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For CTAB-DNA and MTAB-DNA complexes the experimenfarfactant/Base molar ratios are 1.47 and
1.78 respectively, close to those expected forlaaBangement, which agrees with previous reStifts
However, for ALA-DNA and LAM-DNA complexes the expmental values are significantly bigger,
2.18 and 1.86 respectively, which are close to thatected for the 2:1 arrangement. The preferred
structure of the complexes seems to be strongiyaelto the hydrophilic part of the cationic sutéadts.
Surprisingly, the smaller the hydrophilic head b€ tsurfactant, the bigger the critical packing cell
parameter of the complex while in the lamellar mgement obtained for the single surfactant powders,
the CTAB and MTAB show smaller cell sizes than AbBAd LAM. In the case of ALA and LAM, the
head-group is larger and also ALA has one moretigescharge. The lamellar packing of surfactant
aggregates, as it has been seen from X-ray measntesmows 8.8-7.2 A largérvalues compared with
CTAB. This difference in the complex is in the attsense, producing 12-8 A biggerfor the CTAB
complexes than for ALA and LAM. Therefore, it i®al that the packing arrangement has to be differen
The nanostructure of the complexes strongly suggestexagonal packing. From the present results, it
appears that the specific head group structure LA And LAM allows for a more compact packing
because the hydrophilic corona can extend its emite much further away than in the case of CTAB.
This is due to the longer and flexible nature @& tlead group, which allows for reducing the repelsi
interactions from neighboring DNA helices in a moeffective way. In the case of CTAB, a
distortion/expansion of the cationic surfactantirmyg¢r is needed to increase the surfactant-DNA
interaction, and this should also result in aneéase of conformational disorder of the alkyl ch&ins
These observations clarify the clear correlatiotwben DNA release and the packing parameters, the

shorter the lattice parameter, the stronger thexaction and the smaller the reledse

These studied simple preparation methods (metHod del particles and method 2 and 3 for fiimspall
for applications that take advantage of the hydrdgé it can also be applied to biomedical appias
such as controlled drug release for multiple drugsre applications in other fields are also being
explored. One possible application of these filmoi use them as drug delivery vehicles by loadtireg
complex with active molecules or simply by the dety of its constituent molecules. The formation of
stable surfactant-DNA complexes will increase tppligation of these systems. These surfactant-DNA
complexes notably expand the potential for realldvapplications, including cell therapy and other

medicinal applications.

4 Conclusions
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The cationic-surfactant complexes show strong eidstdtic interaction and in-plane (surface/intezjac
orientation. In our work, we have discussed initléta structural behavior of surfactant-DNA conyss

on films obtained using different preparation methdVNe can conclude that the particles showedaa cle
evidence of an ordered nanostructure of the sani@&dNA complexes which should be involved in the
stabilization of the obtained particles. The nanadtire of the complexes strongly suggests a hewdgo
packing. The GISAXS measurements showed that wiefilin is formed by method 2 there is a parallel
orientation on the surface, which is a similar aiiton to the interface between DNA and surfactant

solutions in the processes occurring in methodsdl3a

The thickness of the surfactant hydrophobic domiakreases with increasing alkyl chain length,
however, the change induced by the head grouptsteuts stronger in the liquid crystal behavior of
cationic surfactants than that accounted only kgl tohain length.The different surfactants show
different hydrophobic chain conformation, with tledtthe quaternary ammonia being tilted and that of
the arginine derivatives correspondingly straigito, the arginine derivatives have one or two i
charges to provide an electrostatic interactionaddition to multiple hydrogen bonding donor and

acceptor possibilities.

The ALA-DNA and LAM-DNA complexes show 2:1 packirgrangement as the ALA and LAM

surfactants have bigger and more flexible hydrophilead group compared to CTAB and MTAB
surfactants they can accommodate this arrangernanist more distorted than 3:1. For CTAB-DNA and
MTAB-DNA complexes 3:1 DNA helices/surfactant cyler ratio is more favorable which should also

result from the increased conformation disorddhefalkyl chain.

The present results may allow future applicatiohshese complexes for improved biocompatibility,

stability and nanostructure in medicinal and phaenécal applications.

5 Acknowledgements

Imma Carrera is acknowledged for technical assistadaume Caelles from the IQAC SAXS-WAXS
Service and the Microanalysis Service from IQAC acknowledged for measurements. This work was
supported by CSIC through a JAE-DOC2010-097 contcaefinanced by FSE 2007-2013. Financial

support by CTQ2010-14897 from MINECO (Spain) an@Q28GR1331 from Generalitat de Catalunya is

17



acknowledged. M.C. Moran acknowledges the suppbth® MICINN (Ramon y Cajal contract RyC

2009-04683).

18



6 Notes and references

! Radler J. O., Koltover 1., Salditt T., Safinya R., Structure of DNA-cationic liposome complexes:
DNA intercalation in multilamellar membranes in tdist interhelical packing regimes&cience 1997,
275, 810-814.

2 Templeton N. S., Lasic D. D., Frederik P. M.,e$tH. H., Roberts D. D., Pavlakis G. N., Improved
DNA: Liposome complexes for increased systematiliveley and gene expressioiature Biotech.,
1997, 15, 647-652.

% Martin B., Aissaoui A., Sainlos M., Oudrhiri N. adchecorne M., Vigneron J. P., Lehn J. M., Lehn P.,
Advances in cationic lipid-mediated gene delivésgne Ther. Mol. Biol., 2003 7, 273-289.

“Caracciolo G., Sciubba F., Caminiti R., Effect gélhation on the structure of caveolae membraAps,
Phys. Lett. 2009 94, 153901-1-153901-3.

®Dias R. S., Lindman B., Miguel M. G., Compactiondadecompaction of DNA in the presence of
Catanionic amphiphile mixtured, Phys. Chem. B., 2002 106, 12608-12612

®Xu Y., Hui S. W., Federic P., Szoka F. C., Jr.y$ttpchemical characterization and purification of
cationic lipoplexesBiophys. J., 1999 77, 341-355.

" Montigny W. J., Houchens C. R., lllenye S., Gitbdr, Coonrod E., Chang Y. C., Heintz N. H.,
Condensation by DNA looping facilitates transfdrlarge DNA molecules into mammalian cells,
Nucleic Acids Res., 2001, 29, 1982-1988.

® Duguid J. G, Li C., Shi M., Logan M. J., Alila HRolland A., Tomlinson E., Sparrow J. T., Smith L.
C., A physicochemical approach for predicting tffeaiveness of peptide-based gene delivery systems
for use in plasmid-based gene therdgipphys. J., 1998 74, 2802-2814.

® Gaweda S., Moran M. C., Pais A. A. C. C., DiasSR. Schillen K., Lindman B. and Miguel M. G.,
Cationic agents for DNA compactidnColloid Interface Sci., 2008, 323, 75-83.

19 pinto M. F., Moran M. C., Miguel M. G., Lindman,Blurado A. S., Pais A. A. C. C., Controlling the
Morphology in DNA Condensation and PrecipitatiBromacromolecules, 2009 10, 1319-1323.

1 paulsson M., Edsman K., Controlled drug releasenfgels using surfactants aggregates. Part II.:
vesicles formed from mixtures of amphiphilic drugsd oppositely charged surfactarf@harm. Res.,
2001, 18:1586-1592.

12pgrez L., Pinazo A., Gracia M. T., Lozano M., Masa& A., Angelet M., Vinardell M. P., Mitjans M.,
Pons R., Cationic surfactants from lysine: Syntheasicellization and biological evaluatidayr. J. Med.

Chem,, 2009 44, 18884-1892.
19



13 Scholer N., Olbrich C., Tabatt K., Muller R.H., kfaH., Liesenfeld O., Surfactant, but not the size
solid lipid nanopatrticles influences viability amgtokine production of macrophagdst. J. Pharm.,
2001 221, 57-67.

4 Lozano N., Pérez L, Pons R., Pinazo A., Diacylcgtpl arginine-based surfactants: biological and
physicochemical properties of catanionic formulasidAmino Acids, 2011, 40, 721-729.

15 Bouxsein N. F., McAllister C. S., Ewert K. K., Saet C. E., Safinya C. R., Structure and gene
silencing activities of monovalent and pentavaleationic lipid vectors complexed with SiRNA,
Biochemistry, 2007, 46, 4785-4792

6 Gawrisch K., Parsegian V. A., Hajduk D. A., Tate W., Gruner S. M., Fuller N. L., Rand R. P.,
Energetics of a hexagonal-lamellar—hexagonal-phaséransition sequence in
dioleoylphosphatidylethanolamine membrarigschemistry, 1992 31, 2856-2864

7 jiro K., Okahata Y., A DNA-lipid complex solubl® organic solvents). of the Chem. Soc.-Chem.
Commun., 1992 1339-1341

8 Moran M. C., Miguel M. G., Lindman B., SurfactanNB gel particles: Formation and release
characteristicsBiomacromolecules, 2007, 8 (12), pp 3886-3892.

19 saminathan M., Thomas T., Shirahata A., PillakCS., Thomas T. J., Polyamine structural effects o
the induction and stabilization of liquid crystali DNA: Potential applications to DNA packing, gene
therapy and polyamine therapeutilsicleic Acids Res., 2002 30, 3722-3731.

20 Koltover 1., Salditt T., Radler J. O., Safinyaf, An Inverted Hexagonal Phase of Cationic Liposem
DNA Complexes Related to DNA Release and Delivé&yence, 1998 281, 78-81.

%1 Bloomfield V. A., DNA condensatiorGurr. Opin. Sruct. Biol. 1996 6, 334-341.

?2Blessing T., Remy J. S., Behr J. P., Monomolecatdlapse of plasmid DNA into stable virus-like
particles,Proc. Natl. Acad. ci., U.SS, 1998 95, 1427-1431.

23 Sambrook J., Fritsch, E. F.; Maniaffs,Molecular Cloning: a laboratory manual; Cold Spring Harbor

Laboratory Press, New York, USA989 Vol. 3, App. C.1.

**Infante M. R., Dominguez J. G., Erra P., JuliaR, Prats M., Surface active molecules: Preparation
and properties of long chain &¢acyl-L-a-aminow-guanidine alkyl acid derivativebjt. J. Cosmet. Sci.,
1984 6, 275-282.

% Clapés P., Moran M. C., Infante M. R., Enzymatjothesis of arginine-based cationic surfactants,
Biotechnol. Bioenerg. 1999 63, 333-343.

% pgrez L., Pinazo A., Infante M. R., Pons R., Itigasion of the micellization process of single and
gemini surfactants from arginine by SAXS, NMR s#iffusion, and light scatteringl. Phys. Chem. B,
2007, 111, 11379.

20



2" Moran M. C., Infante M. R., Miguel M. G., LindmaB, Pons R., Novel Biocompatible DNA Gel
ParticlesLangmuir, 201Q 26 (13), 10606-10613.

% Dasgaputa A., Das P. K., Dias R. S., Miguel M. IGndman B., Jadhav V. M., Gnanamani M., Maiti
S., Effect of Headgroup on DNA-Cationsirfactantinteractions, J. Phys. Chem B., 2007, 111, 8502-
8508.

2% Dietrich Demus, Lothar Richter Texture of Liquid Crystals, VEB Deutscher Verlag fir
Grundstoffindustrie, Leipzig,”ﬁedition,1978

%0 Small M. D. Handboolof Lipid Research 4, The Physical Chemistry of Lipids, From Alkanes to
Phospholipids, Plenum Press, new York and Lond686

3L paradies H. H. and Clancy S. F. Crystalline polgghism of cetyltrimethylammonium bromide and
distearyldimethylammonium (DSDMA) compounds. A camngpon of the hydrated DSDMA-Chloride,
DSDMA-S-(+)-Lactate and DSDMA-Pyruvate systemi$ie Rigaku Journal, Vol 17, No.2,2000.

%2 Krishnaswamy R., Pabst G., Rappolt M., RaghunathaA., Sood A. K., Structure of DNA-CTAB-
hexanol complexe®hys. Rev. E., 2006 73, 31904-31908

% Leal C., Bilalov A., Lindman B.). Phys. Chem. B., 2009 113, 9909-9914

% Tate M. P., Urade V. N., Kowalski J. D., Wei Taeah Hamilton B. D., Eggiman B. W., Willhouse H.
W., Simulation and Interpretation of 2D Diffractiétatterns from Self-Assembled Nanostructured Films
at Arbitrary Angles of Incidence: From Grazing kience (Above the Critical Angle) to Transmission
Perpendicular to the SubstralePhys. Chem B, 2006,110, 9882-9892.

% Dunphy D. R., Alam T. M., Tate M. P., Hillhouse W., Smarsly B., Collord A. D., Carnes E., Baca
H. K., Kohn R., Sprung M., Wang J., Brinker C. Qharacterization of Lipid-Templated Silica and
Hybred Thin Film Mesophases by Grazing IncidencealtAngle X-RAY ScatteringLangmuir, 2009
25, 9500-9509.

% Langa S., Christopher M., Cartensen J., TiginyarM., Foéll H., Single crystalline 2D porous arrays
obtained by self-organization in n-InPhys.stat.sol., 197, 77-822003

%" Dias R. S., Lindman B., Miguel M. G., Interactiobstween DNA and surfactant;og. In Colloid
and Polym. &ci., 2001, 118, 163-167.

% Ghirlando R., Wachtel E. J., Arad T., Minsky A.NB Packing Induced by Micellar Aggregates: A
Novel in Vitro DNA Condensation Systefiochemistry, 1992 31, 7110-7119.

% eal C., Wadsé L., Olofsson G., Miguel M.G., Werstedm H., The Hydration of a DNA-Amphiphile
Complex,J. Phys. Chem B., 2004 108, 3044-3050.

40| eal C., Topgaard D., Martin R. W., Wennerstrom#MR Studies of Molecular Mobility in a DNA-
Amphiphile Complex,). Phys. Chem. B, 2004 108, 15392-15397.

21



Electronic supplementary infor mation (ESI)

The nanostructure of surfactant-DNA complexes with different
arrangements

Amalia Mezet, Ramon Porls, M. Carmen Mor&h

! Departament de Tecnologia Quimica y de Tensicadimstitut de Quimica Avancada de Catalunya, IQAC-
CSIC, c. Jordi Girona 18-26, 08034 Barcelona, Spain
’Departament de Fisiologia, Facultat de Farmaciaiydysitat de Barcelona, Avda. Joan XXIIl, 08028

Barcelona, Spain

" Corresponding author emaiamon.pons@igac.csic.es

1



Figure 1S— Sample preparation methods
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Figure 25— Azimuth spectra of ALA-DNA
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Figure 2S: Azimuthal scattered intensity @=1.61 nm' of ALA-DNA complex, the full line

corresponds to the sprayed film and the dashedditie simulated spectra for 2:1 arrangement.



