
Chapter 3

Structures of cationic surfactant-DNA
complexes

3.1 Introduction

This chapter deals with the structures exhibited by complexes of DNA with

cetyltrimethylammonium bromide (CTAB) and with mixtures of CTAB and sodium-3-

hydroxy-2-naphthoate (SHN). Detailed x-ray diffraction experiments have been carried out

on complexes of DNA with mixtures of double-tailed cationiclipids like dioleoyltrimethy-

lammonium propane (DOTAP) and neutral lipids like dioleoylphosphatidyl choline (DOPC)

or dioleoylphosphatidyl ethanolamine (DOPE) in recent years, motivated by their poten-

tial biomedical applications. These are summarized in section 3.2. Complexation of DNA

with the single-tailed cationic surfactant CTAB has been widely made use of in the extrac-

tion of DNA from plants. Nevertheless, no detailed studies have been reported on this sys-

tem. CTAB forms cylindrical micelles in aqueous solution, unlike the double-tailed DOTAP,

which forms bilayers. Hence CTAB-DNA complexes can be expected to form structures

different from those exhibited by DOTAP-DOPC-DNA complexes. Wehave carried out x-

ray and optical microscopy studies of CTAB-DNA complexes. These experiments described

in section 3.3, reveal that the complexes have a two-dimensional (2D) hexagonal structure.

However, there are two molecular packings that can result insuch a lattice. In order to dis-

tinguish between these two possibilities, we have modelledthe electron densities in these

two structures and calculated the intensities of the diffraction peaks. This analysis, pre-
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sented in section 3.4, clearly shows that the structure consists of DNA strands intercalated

between cylindrical CTAB micelles. In section 3.5, we describe the structural modifications

of CTAB-DNA complexes induced by the addition of SHN. We find that the structure of the

complex changes from hexagonal to lamellar at a critical SHNconcentration, very close to

that at which a cylinder to bilayer transformation is found in the CTAB-SHN-water system.

This observation further confirms the structure of the hexagonal complexes obtained from a

modelling procedure. These experimental results are discussed in section 3.6. Finally, the

conclusions drawn from the experiments described in this chapter are given in section 3.7 .

3.2 Earlier studies on surfactant-DNA complexes

Many of the earlier studies have been on DNA-cationic lipid systems. The earliest

structure proposed in these systems, consists of liposomesattached to the DNA strands and

known as the bead-on-string structure [1, 2]. Electron Microscopy studies have reported a

variety of structures including oligolamellar structures[3] and tube like images indicating

lipid bilayer covered DNA [4].

Figure 3.1: A series of SAXS scans of cationic lipid-DNA complexes in excess water as a
function of different lipid to DNA weight ratio (L/D) [5]

Detailed x-ray diffraction studies [5, 6] have been carried out on complexes of DNA with
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mixtures of cationic lipids like DOTAP or dimyristoyltrimethylammonium propane (DM-

TAP) and neutral lipids like DOPC or DOPE. In the absence of DNA, x-ray studies on the

dilute, equimolar lipid mixtures did not reveal any peaks inthe small angle region indicating

that the bilayer separations are larger than 10 nm. However in the presence of DNA, birefrin-

gent condensates coexist with a dilute aqueous solution. These complexes were studied for

different values ofρ (= weight of cationic lipid/ weight of DNA). X-ray diffraction studies

on these condensates (fig 3.1) reveal a set of peaks that correspond to a lamellar periodicity

of 6.51 nm and an additional diffuse peak. As the DNA concentration is increased, ie for

ρ < ρiso ( the concentration at the isoelectric point, where the negative charges on the DNA

are neutralized by the positive charges of the cationic lipid ), the position of the diffuse peak

shifts from 4.4 nm to 3.7 nm. Based on these observations, a structure has been proposed,

where the DNA is sandwiched between the cationic lipid bilayers (fig. 3.2) known as the

intercalated lamellar phase (LC
α ) [5]. The bilayer thickness is around 3.9 nm and the diame-

ter of DNA with a hydration shell is around 2.5 nm. Hence the DNA sandwiched between

two bilayers would correspond to a periodicity of about 6.4 nm, which is consistent with

the periodicities observed in these complexes. The diffused peak indicates positional cor-

relations of the DNA strands in the plane of the bilayers. Theshift in the DNA-DNA peak

with DNA concentration arises due to an abrupt change in the separation between the DNA

strands (dDNA) across the isoelectric point. There are no transbilayer positional correlations

of the DNA strands when the bilayers are in the fluidLα phase. The DNA chains confined

between the bilayers form a 2D smectic [7]. At lower temperatures, when the bilayers are in

theLβ′ phase and hence more rigid, positional correlations arise across the bilayers and a 2D

rectangular lattice (fig 3.3) of the DNA has been reported [8].

dDNA can be calculated from the lamellar structure proposed for the complexes, if it is

assumed that all the DNA strands are adsorbed between the bilayers atρiso [5]. If ρD andρL

are the densities of DNA and lipid respectively,δm the membrane thickness,AD the area of

cross-section of a DNA double helix, L and D the weights of lipid and DNA respectively,
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then the separation between the DNA strands,

dDNA = (ADρD/δmρL)(L/D) (3.1)

If the amounts of cationic lipid and DNA are fixed atρiso and (L/D) is varied by changing the

amount of the neutral lipid, then according to eqn 3.1, plot of dDNA vs (L/D) must be linear.

This was found to agree remarkably well with the variation ofdDNA observed on diluting the

charge of the lipid membrane by the addition of a neutral lipid [5].

Figure 3.2: Proposed structures of the intercalated lamellar phase (a) and the inverted hexag-
onal phase (b) in lipid-DNA complexes [12].

Theoretical studies indicate that a variety of structures is possible in lamellar DNA-lipid

complexes, like the isotropic lamellar, nematic lamellar,columnar, and sliding columnar

phases, depending on the degree of ordering of the DNA strands [9]. In the isotropic lamel-

lar phase, there is no long range or quasi long range positional or orientational order of the

DNA strands. If long range orientational order arises between the DNA strands with no po-

sitional order, a nematic lamellar phase is obtained. In addition to the orientational order,

when there are long range positional correlations between the DNA strands across the bilay-

ers, we have a columnar phase with the DNA arranged on a 2D rectangular or a 2D centered

rectangular lattice. The former structure results when theeffective interactions between the

DNA strands sandwiched between the bilayers is attractive.A centered rectangular phase
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Figure 3.3: Local structure of the centered rectangular columnar DNA lattice embedded in a
cationic lipid lamellar phase observed when the bilayers are in theL′β phase [8].

would be observed when there is a repulsion between the DNA strands. Such a phase has

been observed in some lipid-DNA systems as discussed above [8]. In addition to these, a

sliding columnar phase has also been proposed with properties intermediate between the

columnar and nematic lamellar phases. Here, in-plane smectic correlations decay as exp(-

ln2r) as a function of the DNA-DNA separation r. The positional correlation between these

smectic lattices, die off exponentially with layer-number difference. Though it is very likely

that the intercalated lamellar phase (LC
α ) is a sliding columnar phase, further confirmation

would require monodomain samples. However to our knowledgesuch a phase has not yet

been experimentally observed.

In lipid-DNA complexes, one would a priori expect that the separation between the DNA

strands (dDNA) would be determined by the isoelectric point, where the charges of the cationic

lipid are neutralized by the charges on the DNA. HencedDNA should remain fixed atdiso
DNA

determined by the sample geometry [10].

diso
DNA = (ADρD/δmρL)(ρiso/(1− φPC)) (3.2)

whereφPC (=weight of DOPC/total weight of the lipid).
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Figure 3.4: Variation of DNA packing withρ in complexes with fixedφPC and no
salt [10].Vertical dashed line indicates isoelectric point. The solid line through the data
at φPC = 0.7 is the result of nonlinear Poisson-Boltzmann theory forcomplexes with low
membrane charge density [11]

To verify this,dDNA was measured for DOTAP-DOPC-DNA complexes at different values

of φPC andρ [10]. Microscopic observations confirm that the complex remains monophasic

with no excess DNA or liposomes. The plot ofdDNA vs ρ at different values ofφPC ( fig

3.4) indicates an overall increase ofdDNA on increasingφPC due to the decrease in the bilayer

charge density. The plot ofdDNA vsρ follows the predicted behaviour only forρ = ρiso (= 2.2)

( fig. 3.5). It is found that forρ , ρiso dDNA deviates fromdiso
DNA. The complex structure has

smallerdDNA for ρ < 2.2 and a larger value ofdDNA for ρ > 2.2 (fig.3.4). However the struc-

ture remains constant away from the isoelectric point with fixed d anddDNA. Electrophoresis

experiments also show that complex is negatively charged for ρ < 2.2 and positively charged

for ρ > 2.2.

The charge reversal of the complex at the isoelectric point implies that it absorbs excess

cationic lipid whenρ > ρiso and excess DNA whenρ < ρiso. A unit cell of the complex

consists of a DNA strand of unit length and a bilayer of areadDNA. The free energy per unit

cell of a complex that acquires a positive charge by incorporating excess cationic lipid is
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Figure 3.5: Variation ofdDNA with changingφPC in complexes with different fixedρ. Solid
line is the prediction from the geometry for isoelectric complexes [10].

given by [10]

F+C = dDNA[(1/e)(4kBTσ+)(ln(2lD/lC) − 1)+ πkBT/lBδw] (3.3)

whereσ+ = σc(1− diso
DNA/dDNA) is the excess cationic charge density of the complex,σc the

charge density of the free bilayer, e the elementary charge,kB the Boltzmann constant and

T the temperature. The first term corresponds to the free energy of the bilayer surface in

the complex consisting of excess cationic lipids. The Chapman lengthlC (= e/2 π σ+ lB),

corresponds to the thickness of condensed counterion layernear the membrane surface and

the Debye screening lengthlD >> lC. The Bjerrum lengthlB = e2/ǫkBT . The second term

corresponds to the repulsion between the bilayers.δw is the thickness of the water layer in

the complex.

The free energy of excess cationic membrane of lengthdDNA in the aqueous solution is given

by,

FB = dDNA[(1/e)(4kBTσc)(ln(2lD/lC) − 1)] (3.4)

Sinceσ+ < σc, the free energy of bilayer is higher in the aqueous solutionthan in the

complex. The complex thus absorbs excess bilayer into it andlowers the free energy of the

system by releasing the counterions into the complex. However the intake of cationic lipid

is limited by the repulsion between the bilayers given by thesecond term in eqn (3.3). Also,
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higher the charge densityσc, of the bilayer, greater the amount of charged lipid which enters

the complex. This was found to agree with the experimental observations.

For ρ < ρiso, the electrostatic energy per unit cell of the negatively charged complex is

given by

F−C = δw[(1/e)(4kBTσ−)(ln(2lD/lC) − 1)+ πkBT/lBdDNA] (3.5)

whereσ− = σDNA(1 − dDNA/diso
DNA) is the excess anionic charge density in the complex and

σDNA, the charge density of free DNA.

The free energy per unit length of free DNA is higher in solution than in the complex.

The entropy of the counterions is lower for the free DNA sincethey are confined near the

cylindrical surface. Sinceσ− is lower thanσDNA, the overall free energy of the system may

be lowered by incorporating the free DNA into the complex. The intake of DNA is however

limited by the repulsion between the DNA strands given by thesecond term in equation 3.5.

In fig 3.5 the data points aboveρiso line corresponds to complexes which have taken in excess

DNA and those belowρiso line correspond to complexes with excess lipid. Thus the shift in

the dDNA curves from the predicted values atρiso, confirms the overcharging phenomenon

discussed above.

The structural changes of lipid-DNA complexes, on replacing the neutral lipid DOPC

by DOPE, has been studied using x-ray diffraction [12]. At low values ofφDOPE (= weight

of DOPE/total weight of the lipid), diffraction peaks indicate a lamellar structure for the

complex similar to that observed in DOTAP-DOPC-DNA complexes. AtφDOPE = 0.75, four

peaks are obtained (fig 3.6) which can be indexed as the (1 0), (1 1), (2 0) and (2 1) peaks of

a 2D hexagonal lattice. The lattice parameter was found to be6.74 nm. The DOPE-DOTAP

bilayer thickness is around 4 nm. Also, pure DOPE forms an inverted hexagonal phase (HII)

in excess water [13, 14]. The observed lattice parameter of 6.8 nm is consistent with an

inverted hexagonal structure (HC
II) shown in fig 3.2 with a lipid monolayer thickness of 2 nm,
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Figure 3.6: SAXS scans of cationic lipid-DNA complexes as a function of increasing
φDOPE [12].

and an aqueous core of 2.8 nm diameter. Such a core can accommodate a DNA strand with

two hydration shells.

The structure of the complex is determined by the elastic properties of the lipid mem-

brane and the electrostatic interactions between the lipidand the DNA [15, 16]. In the

inverted hexagonal phase, the neutralization of the negative charges on the DNA by the

cationic lipids is more efficient as compared toLC
α , since the lipids are brought closer to the

DNA strands in the former structure. But the bending of the lipid monolayer around the

DNA in HC
II phase, costs energy. The presence of DOPE in the complex however leads to

a negative spontaneous curvature of the lipid-water interface and reduces this energy cost.

Hence the addition of DOPE to DOTAP-DNA complexes induces a structural transformation

from LC
α to HC

II.

Systematic studies similar to those discussed above on cationic lipid- DNA systems have

not been carried out on complexes of single-chained cationic surfactants with DNA. This

is despite the fact that the complexation with such a cationic surfactant CTAB, is often
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used for RNA and DNA extraction from plants [17]. It is also being used for quick ex-

traction of high quality DNA from lambda phages [18]. Various techniques have been used

to study cationic surfactant-DNA complexes. But not many structural investigations have

been carried out. Complex formation between short DNA fragments (200 bp) and dode-

cyltrimethylammonium bromide (DTAB) has been studied using dynamic light scattering

(DLS), static light scattering (SLS), high performance capillary electrophoresis (HPCE) and

DTAB-specific electrode [19]. Light scattering studies indicate that the diffusion coefficient

of the complexes decrease in a non-linear manner as the degree of binding of surfactant ions

(determined using a surfactant selective electrode) increases, and attains saturation at 0.8

molecules of surfactants per DNA phosphate group. Using HPCE, electrophoretic mobility

of DNA has been measured as a function of free surfactant concentration. Comparison of

the diffusion coefficient of complexes with their electrophoretic mobility suggests that the

decrease in mobility is caused by an increase in the hydrodynamic friction, as more surfac-

tant molecules are bound without changing the effective charge of DNA. Further increase

in surfactant concentration leads to a significant decreasein mobility. This is due to the ef-

fective neutralization of the DNA. Hence the complex formation occurs in two stages. In

the first stage, surfactant cations exchange with the counterions condensed on the surface

of the DNA, without changing the effective charge on the DNA. More surfactant molecules

bind in the second stage, causing a charge neutralization ofthe DNA and phase separation

of the complex [19]. The effects of binding at surfactant concentrations below the critical

micellar concentration has also been examined [20] using techniques like spectroscopy, flu-

orescence, isothermal titration calorimetry, high-resolution ultrasonic velocity and density

measurements. It was found that the binding of surfactants results in a significant change in

the DNA secondary structure. Fluorescence studies have also reported a discrete transition

from an elongated coil to a collapsed globule of a single DNA (166 kbp) molecule in the

presence of a cationic surfactant [21].

There have been some x-ray studies to probe the structure of single-tailed cationic
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Figure 3.7: Schematic of the structure of the intercalated hexagonal phase, where each DNA
strand is surrounded by three cylindrical micelles. The lattice parameter,a =

√
3 (Rm+RDNA),

whereRm is the radius of the cylindrical micelle (∼ 2.0 nm) andRDNA that of the hydrated
DNA strand (∼ 1.25 nm)

surfactant–DNA complexes [22]. The surfactants used were DTAB, tetradecyltrimethy-

lammonium bromide (TTAB), CTAB and octadecyltrimethylammonium bromide (OTAB).

OTAB did not form complexes with DNA. The x-ray diffraction studies of DNA complexed

with DTAB, show one peak at 3.6 nm. The TTAB-DNA complexes show peaks at 4 nm and

2.25 nm, which may be indexed as the (1 0) and (1 1) reflections of a 2D hexagonal lattice.

Two peaks were also obtained for CTAB-DNA complexes at 4.4 nmand 2.54 nm which may

again be indexed on a 2D hexagonal lattice. However in these studies, the peaks at 2.25 nm

for the TTAB-DNA and 2.54 nm for CTAB-DNA complexes were wrongly attributed to the

DNA-DNA separation within the complexes. Based on these observations, a structure was

proposed for the complex, where the DNA strands are intercalated between the micellar ag-

gregates, forming a 2D hexagonal lattice (fig.3.7). The model was proposed on the basis that

the surfactants as well as DNA form a hexagonal phase at higher concentrations and not from

any detailed analysis of the diffraction data. An inverted hexagonal phase as seen in DNA-

lipid complexes cannot be be ruled out from these studies. Hence we found it necessary to

carry out further studies on these complexes to determine their structure unambiguously.
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3.3 Structure of CTAB-DNA complex

CTAB solutions of appropriate concentrations were prepared in deionized water (Milli-

pore). On adding DNA to the surfactant solution, the complexprecipitates out. It was left to

equilibriate in solution for about 4 days. The complex was then examined under a polarizing

microscope and found to be birefringent. On heating, it was found to be stable up to 90◦C.

The precipitate along with some supernatant was transferred into a 1 mm diameter glass cap-

illary for x-ray studies. The x-ray diffraction of the CTAB-DNA complex gives 3 peaks in

the small angle region of the diffraction pattern (fig 3.8) with the magnitude of the scattering

vectors q in the ratio 1 :
√

3 : 2. We index them as the (1 0), (1 1) and (2 0) reflections from

a 2D hexagonal lattice. The relative integrated intensities of the 3 reflections after geometric

corrections, are in the ratio 1 : 0.07± 0.02 : 0.013± 0.003. Relative intensities and the peak

positions were found to be independent of the DNA concentration and of CTAB concen-

tration up to 300 mM . Though x-ray diffraction determines the lattice of the complex, two

possible structures can be proposed. One of them is an inverted hexagonal phase, where the

DNA strands coated by a surfactant monolayer are arranged ona 2D hexagonal lattice (fig

3.2). A similar structure has been observed in lipid-DNA complexes [12]. The other is the

intercalated phase (fig 3.7) consisting of DNA strands intercalated into the direct hexagonal

phase of CTAB, where each DNA strand is surrounded by three cylindrical micelles [22].

The lattice parameter for the CTAB-DNA complex is 5.64±0.09 nm. Taking the thick-

ness of CTAB bilayerδs to be 3 nm and the radius of the hydrated DNA strand,RDNA to be

1.25 nm, inverted phase would give a lattice parametera ( =δs + 2.RDNA) ∼ 5.5 nm. If the

radius of the cylindrical micelleRm is 1.98 nm, the intercalated phase would have a lattice

parametera, given by
√

3(Rm + RDNA) ∼ 5.6 nm. Hence neither of the structures can be ruled

out on the basis of the lattice parameter obtained for the complex. Intercalated phase would

ensure that the complex is hydrophilic, whereas inverted phase would make it hydrophobic.

Complexes of CTAB with short DNA are found to form stable dispersions which might lead
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Figure 3.8: Diffraction patterns of the CTAB-DNA complex.ρ (=weight of CTAB/weight
of polyelectrolyte) for the different curves are: 1.0 (a); 7.2 (b); CTAB concentration in the
aqueous solution was 10 mM.

us to suspect that it forms an intercalated phase [23]. But this may not be conclusive of

the structure. Only three reflections are obtained in the diffraction pattern of these systems

with our experimental conditions, and hence the structure cannot be determined by calculat-

ing electron density maps. We have, therefore, used a modelling approach to determine the

structure.

3.4 Modelling the structure of CTAB-DNA complex

To distinguish between the two distinct structures possible in CTAB-DNA complexes,

as discussed above, we constructed models for the electron densities of each of these struc-

tures. The relative intensities calculated from the two models were then compared with the

experimentally observed values.

The two dimensional electron densityρ(r ) of these two structures can be written as a

convolution of a lattice functionρL(r ), which represents a 2D array of delta functions corre-

sponding to the hexagonal lattice, with the electron density ρb(r ) as the repeating basis. [24].

61



Table 3.1: The parameters for the models obtained from the literature [25].

parameters values
rc 1.58 nm
ρc 0.28
ρw 0.332
rh 0.4 nm
ρh 0.352

ρ(r ) = ρL(r ) ⊗ ρb(r ) (3.6)

wherer is a 2D vector.

The observed diffraction intensity I(q), whereq is the scattering vector, is given by

I(q) = A|F(q)|2 = A|FL(q)|2|Fb(q)|2 (3.7)

whereF(q), FL(q) andFb(q) are the fourier transforms ofρ(r ), ρL(r ) andρb(r ), respectively,

and A is a constant independent ofq. In these models (fig 3.9), the DNA strand is repre-

sented as a circular disc of uniform electron densityρD. ρD has contributions from the water

molecules and from the counterions present in the complex. The radiusrD of the disc is taken

to be that of a DNA molecule with a hydration shell around it (= 1.25 nm). Each cylindri-

cal micelle is represented as a cylindrical disc of uniform electron densityρc and radiusrc

corresponding to the chain region, surrounded by an annularring of electron densityρh and

width rh representing the head group of the micelle. The inverted micelle is modelled as an

annular ring of electron densityρh and widthrh, surrounding the circular disc representing

the DNA molecule. The values of electron density of waterρw, ρc, ρh, rh andrc taken from

the literature [25] are given in table 3.1.

ρb(r ) for the intercalated phase is given as

ρb(r, θ) = ρDNA(r) ⊗ [δ(θ)δ(r − b) + δ(θ − π)δ(r − b)] + ρm(r) (3.8)

where b is the separation between the DNA and the micellar cylinder andθ is the angle
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Figure 3.9: The repeating basis in the intercalated (a) and inverted (b) hexagonal phases.

made by b with the x-axis (fig 3.9).ρm(r) and ρDNA(r) are the electron densities of the

cylindrical micelle and DNA strand respectively.

ρDNA(r) = ρD − ρw, 0 < r < rD

=0, r > rD

ρm(r) = ρc − ρw, 0 < r < rc

= ρh − ρw, rc < r < rc + rh

= 0, r > rc + rh

Fourier transformingρb(r, θ), we get

F(q, φ) = 4πcos[qb(cosφ)]ρDrDJ1(qrD)/q + Fm(q) (3.9)

whereφ is the angle made byq with the x-axis andJ1(qrD) is the Bessel function of order 1.

Fm(q), the form factor of the micelle is given by

Fm(q) = 2πρh[(rh + rc)J1(q(rh + rc))/q − rcJ1(qrc)/q] (3.10)

ρb(r ) of the inverted phase is,

ρb(r) = ρD − ρc, 0 < r < rD

= ρh − ρc, rD < r < rh + rD (3.11)
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Figure 3.10: Variation of the relative intensities of the second and third Bragg peaks with
ρDNA, obtained from the model for the intercalated (dashed lines) and inverted hexagonal
phases (solid lines) of CTAB-DNA complex. The dotted lines indicate the experimental
values of the relative intensities.

Fourier transformingρb(r), we get

F(q) = 2πρDrDJ1(qrD)/q + 2πρh[(rD + rh)J1(q(rD + rh))/q − rDJ1(qrD)/q] (3.12)

The relative intensities of the (1 0), (1 1) and (2 0) reflections of the hexagonal phase can

be calculated using equation 3.7.

Due to the different contributions toρD mentioned earlier, it could not be estimated.

Therefore the relative intensities of the (1 1) and (2 0) reflections with respect to that of the

(1 0) reflection denoted asi2 and i3 respectively were calculated from the two models for

a reasonable range of values ofρD (fig 3.10). As seen from the figure, only in the case of

the intercalated hexagonal phase the calculated and observed intensities match for a partic-

ular value ofρD, thus confirming the structure. Hence we conclude from thesestudies that

CTAB-DNA complexes form an intercalated phase. The formation of an intercalated phase

suggests that the structure in the complex is determined by the morphology of the aggregates

in the surfactant solution. To ascertain this we have tuned the spontaneous curvature of the

surfactant aggregates in the complex using SHN.
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3.5 Tuning the structure of CTAB-DNA complex with SHN

As discussed in section 3.3, SHN modifies the spontaneous curvature of CTAB micelles.

Forα (= [SHN]/[CTAB]) < 0.64, the aggregates form worm-like micelles in dilute solution.

At α ≈ 0.64, the aggregates transform from cylinders to bilayers [26, 27]. We have investi-

gated the influence of SHN on the structure of the complex by varying α. At α = 0.2, three

peaks are observed in the small angle region which can be indexed on a hexagonal lattice

(fig 3.11a).

0.5 1.5 2.5 3.5 4.5

q

In
te

ns
ity

(a
rb

itr
ar

y 
un

its
)

a 

b 

(nm −1 ) 

Figure 3.11: Diffraction patterns of the CTAB-SHN-DNA complexes. α =

([SHN]/[CTAB])= 0.2 andρ (=weight of CTAB/weight of polyelectrolyte) for the different
curves are:7.2 (a); 1.2 (b);ρiso=1.4 atα=0.2. CTAB concentration in the aqueous solution
was 10mM.

The peak positions remain independent of DNA concentration(fig 3.11b). Up toα =

0.55, we find a similar behaviour in CTAB-SHN-DNA complexes,at different DNA con-

centrations (fig. 3.12). However, the lattice parametera increases gradually withα from

a = 5.64± 0.09 nm atα = 0 toa = 6.06± 0.09 nm atα = 0.55 in the hexagonal phase of the

complex (fig. 3.13).

At α = 0.6, x-ray diffraction gives two sharp peaks in the small angle region with their

scattering vector q in the ratio 1: 2 (fig 3.14). In addition tothis, a broad peak is observed at

small angles (indicated by an arrow in the fig 3.14) whose position shifts to larger q values
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Figure 3.12: Diffraction patterns of the CTAB-SHN-DNA complexes.α= 0.55. ρ for the
different curves are: 14.4 (a); 1.2 (b);ρiso=1.72 atα=0.55.
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Figure 3.13: Variation of the lattice parameter withα. ’*’ denotes the hexagonal phase of
the complex and ’o’ denote the lamellar phase.

on increasing DNA concentration. The former set of peaks that remain independent of DNA

content, correspond to a lamellar structure. The diffused peak is the DNA-DNA peak that has

been observed earlier in lipid-DNA systems. Hence a hexagonal to lamellar transition of the

complex occurs at aroundα = 0.6 . The lamellar periodicity atα = 0.6 is 5.45± 0.09 nm. A

sharp decrease indDNA is observed forρ < ρiso (fig 3.15). A similar structure is also observed

atα =0.7 (fig 3.16). Here the lamellar periodicity increases by 0.1 nm. The dependence of d

onα is given in fig 3.13. The various phases observed in the CTAB-SHN-DNA complexes

and their corresponding lattice parameters at different SHN concentrations are given in table
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Figure 3.14: Diffraction patterns of the CTAB-SHN-DNA complexes.α= 0.6 . ρ for the
different curves are: (a) 2.25; (b) 2.0; (c) 1.64; (d) 1.33; (e) 1.0; The arrow on the curves
indicate in-plane DNA-DNA correlation peak.ρiso=2.8 atα=0.6.
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Figure 3.15: Variation of the DNA-DNA peak withρ atα =0.6.ρiso= 2.8

3.2. No structural transformations are observed on heatingup to 90oC, although the lattice

parameters are found to decrease with increasing temperature.

We have also studied the influence of NaCl on the structure of the complex. In the lamel-

lar phase of the complex, corresponding toα = 0.6 andρ = 1.3, the separation between the

bilayers increases from 5.45 nm to 5.85 nm in the presence of 0.5 M NaCl. Also a shift in

the DNA-DNA peak from 3.19 nm to 3.56 nm is observed. This is similar to the behaviour

seen in lipid-DNA complexes [10].
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Figure 3.16: Diffraction patterns of the CTAB-SHN-DNA complexes.α = = 0.7 . ρ for the
different curves are: 14.4 (a); 3 (b).The arrow on curve b indicates in-plane DNA-DNA cor-
relation peak,ρiso=3.74 atα=0.7 .CTAB concentration in the aqueous solution was 10mM.
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Figure 3.17: Diffraction patterns of the CTAB-ss DNA complexes.α andρ for the different
curves are: 0, 14.4 (a); 0.6, 14.4 (b);ρiso=1.12 atα=0 andρiso=2.8 atα=0.6.

To study the influence of flexibility of the polyelectrolyte on the structure of CTAB-DNA

complexes, the double stranded (ds) DNA was replaced by single stranded (ss) DNA. The

persistence length of ss DNA (∼ 1.5 nm) is an order of magnitude lower than that of ds DNA.

CTAB-ss DNA complexes are found to form a hexagonal phase with a lattice parameter of

5.47 nm (fig 3.17a). At high SHN concentrations, (α = 0.6), the complex exhibits a lamellar

phase with a periodicity of 5.15 nm (fig 3.17b).
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Table 3.2: The d-spacings and structures observed in CTAB-SHN-DNA complexes at differ-
ent values ofα. T is the temperature.

α d1(nm) d2(nm) d3(nm) structure T(◦C)
0 4.88 2.82 2.44 HC

I 30
0 4.7 - - HC

I 90
0.1 4.99 2.88 2.50 HC

I 30
0.2 5.06 2.92 2.53 HC

I 30
0.3 5.15 - 2.575 HC

I 30
0.4 5.2 - 2.6 HC

I 30
0.5 5.2 - 2.6 HC

I 30
0.55 5.25 3.03 2.63 HC

I 30
0.6 5.42 2.71 - LC

α 30
0.6 5.09 - - LC

α 75
0.7 5.54 2.77 1.85 LC

α 30

3.6 Discussion

The hexagonal structure observed at low SHN concentrations, should be similar to that

seen in CTAB-DNA complexes. However, by adding SHN to the CTAB solution, we de-

crease the spontaneous curvature of the cylinders. Hence the increase in the lattice parame-

ters of the hexagonal phase on increasingα could be the consequence of an increase in the

radius of the micellar cylinders.

The lamellar periodicity of 5.45 nm atα=0.6 is consistent with the model of DNA strands

sandwiched between the bilayers, with d=δm +2RDNA, whereδm (∼ 3 nm) is the thickness of

CTAB-SHN bilayer andRDNA is the radius of a hydrated DNA strand (= 1.25 nm). Hence the

lamellar phase obtained for the CTAB-SHN-DNA complex (fig. 3.18) is similar to the inter-

calated lamellar phase observed in lipid-DNA systems. In the lamellar phase of the complex,

the separation between the DNA strands (dDNA) depends onρ, which is also consistent with

the observations on lipid-DNA complexes [10]. The absence of DNA-DNA peaks in the

lamellar complexes forρ > 2.25 is probably because they fall within the first order lamellar
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peak. This peak, however, appears as it shifts to higher q values forρ < 2.25.

As discussed in section 3.2 in the context of DOTAP-DOPE-DNAcomplexes, electro-

statics prefersHC
II overLC

α structure. The geometry of theHC
II structure brings the surfactant

ions closer to the negative charges on the DNA. Hence there isa gain in free energy due

to the efficient neutralization that occurs in theHC
II phase. But the free energy gain should

compensate for the energy cost required to bend the surfactant monolayer around the DNA

strand. If CTAB-DNA complexes formed anHC
II structure, addition of SHN would reduce

the energy cost required to have a negative spontaneous curvature at the micelle-water inter-

face. Thus the presence of SHN should stabilize the invertedphase. We assume here that

SHN does not substantially increase the rigidity of the bilayers. However, as discussed in

section 3.4, a hexagonal to lamellar transition of the complex is observed close to where the

cylinders transform to bilayers in the dilute surfactant solutions (ie atα = 0.6). Hence these

observations indicate that the structure of the complex is determined by the morphology of

the aggregates in the surfactant solution. We also concludefrom here that the CTAB-DNA

complexes form an intercalated hexagonal phase consistingof DNA strands surrounded by

cylindrical micelles (fig 3.7). The preference for this phase also indicates that the energy

cost to disrupt the cylindrical micelles is much higher thanthe energy gain due to the greater

proximity of surfactants to the DNA strand in theHC
II structure. These results are consistent

with the structure proposed from the analysis of diffraction data in section 3.3.

The complexes of CTAB with ss DNA also form a hexagonal phase similar to that of ds

DNA. Since the persistence length of ss DNA differs from ds DNA, by an order of magnitude

(refer table 1.1), the structure is expected to consist of cylindrical micelles bridged by the

flexible DNA strands. In addition to the flexibility, the barecharge density of ss DNA is also

different from that of ds DNA. Yet the structures obtained for thecomplexes are similar for

the same SHN concentrations. The difference in the lattice parameters may arise due to the

steric size of ds DNA that keeps the bilayers or cylinders from coming closer as compared
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Figure 3.18: Schematic of the structure of the lamellar phase of DNA-surfactant complexes.
The shaded circles represent the cross-section of the DNA strands.

to the ss DNA.

3.7 Conclusions

The complexes formed by ds and ss DNA with CTAB have a hexagonal structure. Anal-

ysis of the diffraction data indicates that the CTAB-ds DNA complex forms anintercalated

hexagonal phase consisting of DNA strands surrounded by cylindrical micelles. We have

further substantiated the structure by tuning the shape of the micellar aggregates using SHN.

We find a continuous increase in the lattice parameter in the hexagonal phase of the complex

and a hexagonal to lamellar transition atα ∼ 0.6, close to the cylinder to bilayer transition of

the surfactant aggregates in dilute solutions. Both ds and ss DNA are found to exhibit a sim-

ilar behaviour. We may conclude from here that the structureof the CTAB-DNA complexes

is not significantly influenced by the flexibility or bare charge density of the polyelectrolyte,

but is primarily determined by the morphology of the surfactant aggregates.
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