
Chapter 7

Novel Structures of CTAT-DNA Complexes

7.1 Introduction

Complexes of DNA with cationic lipids and surfactants have attracted much attention recently due

to their potential application as non-viral gene delivery vectors, as well as due to their very inter-

esting electrostatics [1, 2, 3]. Positively charged cationic lipid (CL)-DNA complexes have been

found to deliver DNA into cultured cells by electrostatic interaction with the anionic cell mem-

brane. Although the transfection efficiency of these complexes is low, it has several advantages :

non-immunogenicity, low toxicity and ease of large scale production.

In this work we address the role of a strongly bound counterion on the formation of cationic

surfactant-DNA complexes and their structures. The cationic surfactant used is cetyltrimethylam-

monium tosylate (CTAT). The counterion in this case is the tosylate ion, which is relatively strongly

bound to the surfactant micelles due to its aromatic nature,compared to the much more common

Cl− and Br− counterions. In section 7.2 we give a brief introduction to earlier work on lipid-DNA

complexes. The experimental techniques used in our studiesare described in the section 7.4 and

our results in section 7.5. A partial phase diagram of the various structures formed by the com-

plexes as a function of CTAT and DNA concentrations has been determined from x-ray diffraction

data. Four different structures have been observed, of which only the intercalated hexagonal has

been seen earlier. At low DNA content we find a structure characterized by a two-dimensional

square lattice over the whole range of CTAT concentration investigated. At high DNA content we

find the intercalated hexagonal structure at low CTAT concentrations and a nematic phase at high

152



Figure 7.1: Schematic of the intercalated lamellar (Lc
α) and inverted hexagonal (Hc

II) phases, most
commonly found in cationic lipid-DNA complexes [8].

CTAT content. Another type of complex is seen in between these two, whose structure is yet to be

determined. The influence of the salts, NaCl and sodium tosylate (ST), on the structure of these

complexes was also studied. In section 7.6 we present modelsfor the electron densities of the

intercalated hexagonal and square phases and give some plausible reasons for the occurrence of

the different structures in this system. Finally the last section contains the conclusions that can be

drawn from the experiments discussed in this chapter.

7.2 Earlier studies

Some of the early studies on lipid-DNA complexes suggested abead-on-string structure, which

consists of liposomes connected by the DNA strands [1, 4]. Later on detailed x-ray diffraction

studies have been carried out to investigate the structure and morphology of these complexes.

Three different structures have been reported in these complexes in water [5, 6, 7, 8]. The inter-

calated lamellar (Lcα) phase is observed with bilayer forming lipids. Here the DNAstrands are

sandwiched between the lipid bilayers. The DNA form a two-dimensional smectic phase with no

long-range positional correlations across the bilayers. However, such correlations can arise below

the chain melting transition of the lipid, and the DNA strandform a centred rectangular lattice [9].

The inverted hexagonal (HcII) structure has been found in systems, where the lipids have atendency

to form inverted cylindrical micelles, and also with lipidswhich form very flexible bilayers (Fig.
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7.1). In this phase the lipid-covered DNA strands are arranged on a two dimensional hexagonal

lattice. In some systems a transition from Lc
α to Hc

II structure has been observed on heating, and

the transition is found to be thermally reversible [10]. Theintercalated hexagonal structure (Hc
I),

where the hexagonally arranged lipid micelles are surrounded by DNA strands, was first observed

in complexes of DNA with cationic surfactants that form cylindrical micelles [7].

There have been many investigations on double-chained lipid-DNA complexes, but very few

systematic studies on single-chained surfactant-DNA complexes. The latter system has many in-

dustrial and biological applications specially for DNA extraction from plants and viruses [11, 12].

There have been some studies to determine the structure of complexes formed by DNA with do-

decyltrimethylammonium bromide (DTAB), tetradecyltrimethylammonium bromide (TTAB), and

cetyltrimethylammonium bromide (CTAB) with insufficient structural information [13]. A system-

atic x-ray diffraction study has been recently carried out by Krishnaswamyet. al on CTAB-DNA

complexes [7, 14]. These complexes were found to form the Hc
I phase. However, the Lc

α and Hc
II

phases could be induced in this system with the addition of the cosurfactant hexanol.

In aqueous solutions of highly charged polyelectrolytes and ionic surfactants a fraction of the

counterions can remain condensed on the macroion, as a result of the competition between elec-

trostatic energy and counterion entropy in minimizing the free energy of the system [15, 16]. This

effect depends on the geometry of the macroion, since it determines the distance dependence of

the Coulomb energy. It turns out that in the case of a spherical macroion all the counterions are

released, whereas in the planar case all of them are condensed on the surface. In the case of linear

macroions, both the energy and entropy terms depend logarithmically on the distance from the

macroion. Therefore, counterion condensation occurs onlyif the linear charge density is suffi-

ciently high. The critical value of the separation between charges is set by the Bjerrum lengthlB,

which is the distance at which the Coulomb interaction between two elementary charges is equal

to the thermal energykBT. If the seperation between the charges is less thanlB, then some of the

counterions condense on the macroion, such that the effective separation between the charges be-

comeslB. lB ∼ 0.7 nm in aqueous solutions at 25◦C. The average separation between elementary

charges along the DNA strand is 0.17 nm. Therefore, a large fraction of the counterions will be
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condensed on the DNA, resulting in a reduction in the linear charge density by a factor of 4. A

similar effect can be expected in the case of a cylindrical micelle of ionic surfactants, since the

typical separation between the molecules is∼ 0.45 nm. Note that the above arguments do not take

into account any specific interactions between the counterion and the macroion, which can further

enhance the degree of counterion condensation.

When DNA forms a complex with cationic surfactant micelles,the condensed counterions on

both the species are released into the solution. The resulting increase in the entropy of these coun-

terions is responsible for the formation of these complexes[17, 18]. The complex usually separates

out as a precipitate, whereas the counterions remain in the supernatant solution. The counterion

release mechanism of complex formation has been verified experimentally by measuring the coun-

terion concentration in the supernatant [19].

Generally the surfactant aggregate morphology does not change on complexation. However,

in some cases, steric effects and the packing properties are found to be dominating factors in

determining the morphology [20].

7.3 Theoretical phase diagram

A complicated phase behaviour of complexes formed by DNA with mixtures of cationic lipids

and co-lipids has been predicted theoretically by taking into account the electrostatic and elastic

energies of the system and the mixing entropy of the lipid layers [21, 22].

The major contribution to the electrostatic free energy is the entropy gain due to the release of

counterions from both the DNA and lipid molecules. Based on the nonlinear Poisson-Boltzmann

(PB) equation, the electrostatic free energy of a charged surface in solution is expressed as,

f es =
1
2

∫
S
σΦds + kBTno

∫
v
[ψsinhψ − 2coshψ + 2]dv, (7.1)

whereσ andΦ are the local surface charge density and electrostatic potential, respectively.ψ =

eΦ/kbT is the reduced electrostatic potential.no is the salt concentration in the solution. The elastic

energy density of a lipid monolayer is given by,
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Figure 7.2: The phase diagram of a lipid-DNA mixture, for lipids that self-assemble into very
soft planar membranes (k = 0 and fv = 0), calculated as a function of the mole fraction of the
cationic lipid,m, and the lipid to DNA charge ratioρ. S, B, H and D denote theLc

α, Lα, Hc
II and

uncomplexed DNA phases, respectively [21].

f el = A
k
2

(c − co)
2 + fv (7.2)

wherek is the bending modulus of the lipid layer,c andco the actual and spontaneous curvatures

and A the area per molecule. The first term is the deformation energy per molecule in a cylindri-

cally bent lipid layer. fv arises from the average stretching per molecule which vanishes in theLα

andLc
α phases but is non-zero in the inverted phase. The mixing freeenergy of the monolayer in

different phases is given by,

f mix/kBT = φlnφ + (1− φ) ln(1− φ) (7.3)

whereφ is the lipid composition.

Minimizing the total free energy with respect to the relevant variables, the phase diagram has

been calculated in theρ (lipid/DNA ratio) - m (mole fraction of cationic lipid in the lipid mixture)

plane. A typical phase diagram is shown in figure 7.2, where the existence of theLc
α and Hc

II

structures are predicted.
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Figure 7.3: Chemical structure of : (A) cetrytrimethylammonium tosylate (CTAT) and (B) sodium
p-toluene sulfonate (ST).

7.4 Experimental

Cetyltrimethylammonium tosylate (CTAT) and sodium salt of“highly polymerized” calf thymus

DNA were obtained from Sigma. The chemicals were used as received. Their structures are shown

in figure 7.3. The concentration of CTAT solution (Cs) was varied from 10mM to 250mM. The

solution was prepared with deionized water (Millipore). Measured amounts of DNA fibre were

added to this solution. For each value ofCs, ρ [=(wt. of CTAT)/(wt. of DNA)] was varied over a

wide range about the isoelectric point (ρiso = 1.41), where the number of surfactant molecules is

equal to the number of DNA bases. To check the effect of salts, stock solutions of NaCl and sodium

p-toluene sulfonate (ST) were prepared. Measured amount of CTAT and DNA fibre were added to

it. The complex was collected in 1mm diameter glass capillary for x-ray diffraction experiments,

the details of which have been given in previous chapters.

IR absorption spectra were recorded with aShimadzu FTIR-8400 spectrometer keeping the

sample in AgCl cell (Thermo Electron Corporation). UV absorption spectra were recorded with a

Hitachi U3200 spectrometer taking the sample in quartz cell. The supernatant was collected after

centrifugation at a speed of 4000 rpm for 20 minutes.

157



Figure 7.4: IR spectra of (a) CTAT solution atCs = 100mM andρ =∞ , (b) CTAT-DNA supernatant
atCs = 100mM andρ = 0.38 and (c) CTAT-DNA supernatant atCs = 100mM andρ = 4.2.

Figure 7.5: IR spectra of (a) CTAT solutions atCs = 100mM andρ =∞ (b) CTAT-DNA supernatant
for ρ< ρiso atCs = 100mM andρ = 0.38 (c) CTAT-DNA supernatant forρ> ρiso atCs = 100mM and
ρ = 4.2. All the three compositions show the existence of tosylate counterions into the supernatant.
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7.5 Results

7.5.1 Formation of complex

As discussed earlier, the formation of the complex is drivenby the entropy gain due to the release

of the counterions both from the surfactant and the polyelectrolyte [19]. CTAT surfactant has the

p-toluene sulfonate (also known as tosylate) counterion, which binds much more strongly to the

micelle, compared to Cl− and Br− ions, due to its aromatic nature. NMR studies on similar systems

have shown that these counterions sit on the micellar surface with their hydrophobic part immersed

in the hydrocarbon region of the micelle. Although the tosylate ion is soluble in water, it is,

therefore, not clear if the majority of the counterions are released into the solvent on complexation.

In order to check this, IR spectroscopy studies of the supernatant of the complex were performed.

For pure CTAT solutions (ρ = ∞) we find the characteristic absorption due to C-H stretching

at 2854.5 and 2925 cm−1. These are also seen in the supernatant forρ> ρiso, coming from the

uncomplexed CTAT molecules. Forρ< ρiso, these absorption peaks are not seen ( Fig. 7.4), since

at these compositions all the CTAT molecules are incorporated in the complex. There are a number

of additional absorption peaks at around 1250 to 1100 cm−1 arising from the tosylate counterions.

All the three compositions (ρ = ∞, ρ> ρiso andρ< ρiso) show these peaks indicating the presence

of released counterions in the supernatant ( Fig 7.5). Ratioof the areas under the tosylate and C-H

absorption peaks is found to be four times higher for CTAT-DNA complex atCs = 100mM andρ

= 4.2 compared to pure CTAT solutions at 100mM. It indicates the existence of extra counterions

in the supernatant, which are released due to the formation of the complex.

The presence of uncomplexed DNA was verified using UV-spectroscopy of the supernatant of

the complex atρ< ρiso. Under these conditions a strong absorption peak is observed at around

260nm which is a characteristic peak of the DNA molecule. This peak is not found atρ> ρiso (Fig.

7.6).
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Figure 7.6: UV spectra of (a) CTAT-DNA supernatant forρ< ρiso at Cs = 50mM andρ = 0.7, (b)
CTAT-DNA supernatant forρ> ρiso atCs = 50mM andρ = 4.0.

7.5.2 Structure of complex

DNA-CTAT complexes at all compositions show birefringenceunder a polarizing microscope indi-

cating the formation of anisotropic phases. X-ray diffraction studies show three different diffraction

patterns indicating different structures depending on surfactant and DNA concentrations (Fig. 7.7).

The phase diagram of the system determined from the diffraction data is shown in figure 7.8.

At low surfactant concentrations and high DNA content the diffraction pattern shows three

peaks with their q values in the ration 1:
√

3:2 corresponding to (1 0), (1 1 ) and (2 0) reflections

from a 2-D hexagonal lattice. With increasing CTAT concentration (Cs), the lattice parametera is

found to increase whereas it is independent ofρ. a increases by around 10Å, fromCs = 10mM to

75 mM ( Table 7.1).

At low values ofCs the hexagonal structure transforms to a different structure on decreasing

the amount of DNA (Fig. 7.8). X-ray data from this phase couldbe indexed on a square lattice

as shown in table 7.2. From the shape of the phase boundary it is clear that the amount of DNA

required to have this hexagonal to square transition increases with increasing surfactant concen-

tration. ForCs < 150, the lattice parameter of the square phase is almost independent of both

surfactant and DNA concentrations. A slight increase is observed at higherCs (Table 7.3). This
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Figure 7.7: Diffraction patterns of the different phases: (a) hexagonal atCs = 50mM andρ = 0.7,
(b) square atCs = 75mM andρ = 4.16 and (c) rectangular atCs = 100mM andρ = 1.41.
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Figure 7.8: Partial phase diagram of DNA-CTAT complexes showing hexagonal (HcI), square (ScI )
and rectangular (RcI) phases. N indicates the nematic phase which appears at veryhigh surfactant
concentrations in the presence of high amount of DNA.
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Table 7.1: Variation of the lattice parametera of the hexagonal phase with surfactant concentration
(Cs) and with CTAT to DNA weight ratio (ρ).

Cs(mM) ρ a(nm)

10 0.70 5.19

1.41 5.17

50 0.70 5.74

1.41 5.79

2.0 5.79

75 0.5 6.02

0.98 6.06

Table 7.2: Indexing of x-ray diffraction data on a square lattice for the DNA-CTAT complex atCs

= 75mM andρ = 1.41.

dexp(nm) dcalc(nm) Plane Intensity

4.95 4.95 (10) vvs

3.53 3.50 (11) w

2.50 2.47 (20) w

2.23 2.21 (12) vs

1.78 1.75 (22) vw

1.59 1.56 (13) vw

phase is observed over the whole range of surfactant concentration studied at high values ofρ (low

DNA content).

At much higher values of CTAT concentration (Cs > 90mM) with high DNA content, another

kind of diffraction pattern is observed for low values ofρ. These data can be indexed on a simple

rectangular lattice (Table 7.4). The transition from the square to this phase with the addition of

DNA has been clearly observed in the experimental data with gradual appearance of extra peaks

(Fig. 7.9). One of the lattice parameters,a changes to slightly lower values with decreasing

DNA content but the other oneb remains almost same (Table 7.5). With further increase in the

surfactant concentration at high DNA content, another structure is found, which gives a diffuse

x-ray diffraction peak (Fig. 7.10). This is a characteristic pattern of the nematic phase where the
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Table 7.3: Variation of the lattice parametera of the square phase with surfactant concentration
(Cs) and with CTAT to DNA weight ratio (ρ).

Cs(mM) ρ a(nm)

10 2.82 5.01

5.37 5.03

50 2.2 5.09

4.2 4.94

75 1.41 4.95

4.16 4.95

90 1.92 5.03

4.03 4.95

150 1.43 5.21

4.38 5.00

200 2.05 5.40

4.54 5.23

250 2.24 5.30

4.03 5.30

long-range positional order of the lattice is lost, and onlylong-range orientational order is retained.

The diffuse peak appears at around 6.5nm which decreases slightly with increasingCs. Such a

length scale is not expected from an ordered structure formed by concentrated DNA solution.

Consistent with this, no diffraction peak is observed from the supernatant at these compositions,

which contains the excess DNA. It should be mentioned that there is no effect of temperature on

the structure of different phases in this system. The temperature was varied from30◦C to 75◦C.

7.5.3 Stability of complex: Effect of salt

As mentioned earlier, in the present system the dissociatedsurfactant counterion has special affin-

ity to get adsorbed on the surfactant micelles. To check the influence of the degree of absorption

of counterions in determining the structure of complex, changes in the structure of the complex in-

duced by different salts were investigated. Simple inorganic salt NaCl was added to the hexagonal

phase at the compositionCs = 10mM andρ ∼ 0.71. The lattice parameter of this phase is found to
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Table 7.4: Indexing of x-ray diffraction data on a simple rectangular lattice for the DNA-CTAT
complex atCs = 100mM andρ = 0.387.

dexp(nm) dcalc(nm) Plane Intensity

5.68 5.68 (10) vvs

4.78 4.78 (01) s

3.66 3.65 (11) s

2.84 2.84 (20) w

2.20 2.20 (12) vw

Figure 7.9: Variation of the diffraction patterns across the rectangle to square transitionatCs = 100
mM. Values ofρ are (a) 0.38, (b) 0.98, (c) 1.41, (d) 4.2 and (e) 5.93. Patterns a to c correspond to
the rectangular phase, and d,e to the square phase.
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Table 7.5: Variation of the lattice parameters of the rectangular phase with surfactant concentration
(Cs) and with CTAT to DNA weight ratio (ρ).

Cs(mM) ρ a b

90 1.31 5.25 4.8

100 0.38 5.68 4.78

0.725 5.65 -

0.97 5.35 4.79

1.41 5.31 4.84

150 0.99 5.38 4.76

A B

q

z
q

q

z
q

Figure 7.10: Diffraction patterns of the CTAT-DNA complexes atρ = 1.41 for (A) Cs = 100mM
and (B) 250mM. It shows the melting of an ordered structure onincreasing the concentration of
the surfactant solution.
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Table 7.6: Effect of NaCl on the structure of different phases in CTAT-DNA system atCs = 10
mM. ID denotes ‘isotropic dispersion’.

ρ NaCl(mM) phase a

0.71 0 hexagonal 5.25

75 hexagonal 5.68

250 hexagonal 5.77

500 hexagonal 6.06

750 ID -

4.2 0 square 5.01

75 square 5.02

250 square 5.01

500 square 5.02

750 ID -

increase with increasing NaCl concentration (Table 7.6). However, the addition of NaCl is not able

to change the structure of the complex. At very high salt concentration, the complex melts into an

isotropic dispersion. NaCl was also added to the square phase atCs = 10 mM andρ ∼ 4.20 and it

had no effect on the lattice parameter of this phase. However, as in theprevious case an isotropic

dispersion is formed at very high salt concentration. The critical salt concentration to form the

isotropic dispersion is similar for both phases. The swelling of the hexagonal phase seems to be a

general feature and does not depend upon the type of surfactant, as it is observed on the addition

of NaBr to the cetyletrimethylammonium bromide (CTAB)-DNAcomplex. In this case the lattice

parameter has been found to increase from 5.12 to 6.43nm and then the complex dissolves into an

isotropic dispersion at around 500mM of salt.

The behaviour is completely different when sodiump-toluene sulfonate (ST) is added to the

complex. As in the case of NaCl, this salt was also added to thehexagonal and square phases.

The hexagonal phase atCs = 10 mM andρ ∼ 0.71 is found to initially swell and then transform

to the rectangular and square phases with progressive addition of ST. At high salt concentration an

isotropic dispersion is again formed. Interestingly, whenthe salt was added to the hexagonal phase

atCs = 10mM andρ ∼ 1.41, this phase first swells and then it transforms to the square phase. Both
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Table 7.7: Effect of sodiump-toluene sulfonate (ST) on the structure of different phases in the
CTAT-DNA system atCs = 10mM. ID denotes ‘isotropic dispersion’.

ρ S T (mM) phase a

0.71 0 hexagonal 5.25

50 rectangular 5.25,4.58

75 square 5.25

100 ID -

1.41 0 hexagonal 5.07

40 hexagonal 6.01

90 square 5.36

100 ID -

4.2 0 square 5.01

40 square 5.24

90 square 5.24

100 ID -

observations atρ ∼ 0.71 and 1.41 are consistent with the phase boundary in the phase diagram of

the complexes without any added salt. ST was also added to thesquare phase atCs = 10 andρ ∼

4.2. Unlike the other phases the square phase does not show any change in its structure but only a

very small change in the lattice parameter (Table 7.7). The effect of ST is found to be much more

pronounced than that of NaCl, as manifested by the much lowercritical salt concentration needed

to induce the isotropic dispersion (Table 7.6 & 7.7).

7.6 Discussion

7.6.1 Formation of the complex

NMR studies show that counterions such as tosylate like to sit near the surface of the surfactant

micelle inserting their aromatic ring into the micelles [23, 24]. Unlike other systems studied earlier,

with simpler counterions such as Cl− and Br−, in the present system it is in principle possible

that the released counterions are retained in the micelle. IR spectroscopy results indicate that

the amount of tosylate counterion is much more in the supernatant of the complex compared to
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the CTAT solution of same total surfactant concentration. Therefore, release of counterions on

complexation is taking place even in this system, and must bethe driving force for complexation

as in other systems studied earlier.

Results of UV spectroscopy studies support the presence of uncomplexed DNA in the super-

natant whenρ< ρiso. Forρ> ρiso, all the DNA are utilized to form the complex. In such a situation

the supernatant is found to contain only the surfactant. On either sides of the isoelectric point the

supernatant contains the excess component, as in the case ofsystems with simpler counterions.

7.6.2 Modelling of structures

The hexagonal phase (Hc
I) seen in this system is similar to the one seen in CTAB-DNA complexes.

The scattering from this phase has been analysed in detail byKrishnaswamy et al [14], and shown

to be consistent with an intercalated structure. In this structure each DNA strand is intercalated

between three micelles (Fig. 7.11A). From this close packedmicelle-DNA structure, the cylinder

radius of CTAT micelles was estimated and is found to increase from 1.75 nm atCs = 10mM to

2.1nm atCs = 50mM. Such an increase of micellar radius with surfactant concentration has also

been reported in other systems [25].

The main result of this work is the observation of three new kinds of non-lamellar assemblies

of surfactant and DNA molecules. The square, rectangular and nematic phases of these complexes

have not been reported until now. The lattice parameter of the square phase (Sc
I) is consistent with a

closed-packed structure, where each micelle is surroundedby four DNA strands (Fig. 7.11B). For

example, atCs = 50mM andρ = 1.41, the experimental value ofa is 4.9 nm, whereas the calculated

value is 4.8 nm. In this structure there is one DNA strand per micelle. On the other hand, in the

hexagonal phase there are two DNA strands per micelle. This is consistent with the observation

that the square structure is obtained from the hexagonal phase on decreasing the DNA content. We

have carried out detailed analysis of the diffraction data to check the proposed structure. We model

the two dimensional electron density of the square structure and compare the calculated relative

intensities with those observed. The details of such an analysis for the hexagonal phase has been

described elsewhere [14].
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Figure 7.11: The schematic diagrams of (A) hexagonal and (B)square phases of CTAT-DNA
complexes.
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Figure 7.12: The electron density model used to calculate the diffraction data of the ScI phase. The
disc with radius rc represents the hydrocarbon region of the micelles. The shaded annular ring of
thicknessδ corresponds to the head group region. The other shaded disc with radius rd is the DNA.
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The electron density of the structure can be written as,

ρc(~r) = ρl(~r) ⊗ ρ(~r), (7.4)

whereρl(~r) is the lattice function describing the square lattice andρ(~r) is the basis function de-

scribing the contents of a unit cell.⊗ denotes convolution of the two functions. Fourier transform

of this relation gives,

F(~q) = fl(~q) × f (~q), (7.5)

The intensity of the scattered radiation is given by,

I(~q) = |F(~q)|2 (7.6)

We consider a symmetric basis to make the calculation simpler (Fig. 7.12). The space in

between the micelles and DNA is filled with water.ρc is the uniform electron density of the

hydrocarbon region of the micelle which is modelled as a diskof radius rc. δ is the thickness of

the annular ring of the head group region with electron density ρh. The disk with radius rd is the

hydrated DNA strand with electron densityρd. The values ofρc and water electron densityρw are

taken as 280 e/nm3 and 332 e/nm3 [26]. The value of rd is well known to be 1.25 nm. The radius

of cylindrical micelle is calculated to be 2.1 nm. The value of rc is then defined as (2.1-δ)nm. The

value ofρd is taken from [14] to be 400 e/nm3. We takeρh andδ to be adjustable parameters in our

model since on complexation they can take up different values. The electron density of the unit cell

is the convolution of the electron density of a DNA cylinderρdna(r) with a set of delta functions

representing their positions, plus the electron density ofthe micelleρm(r). We take a factor of half

in front of the electron density of DNA since the unit cell effectively has only one DNA strand.

ρS c
I (~r) =

1
2
ρdna(r) ⊗ δ(r − b){δ(θ − π/4)+ δ(θ + 3π/4} + ρm(r), (7.7)

whereθ is the angle made by the position vector~r with the x-axis, and b (= rc +δ +rb) is the

distance between centres of the micelle and the DNA strand. The electron density of DNA is given
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Figure 7.13: Variation of the form factor of the Sc
I structure along (a) ˆq10, (b) q̂11, (c) q̂12 and (d)q̂13

for a= 4.95nm,ρh = 325 e/nm3 andδ =0.7 nm. The values of the other parameters are discussed
in the text. The arrows show the positions of the observed peaks.

by,

ρdna(r) = ρd − ρw, r < rd (7.8)

= 0, r > rc + δ (7.9)

The electron density of the micelle is given by,

ρm(r) = ρc − ρw, r < rc (7.10)

= ρh − ρw, rc < r < rc + δ (7.11)

= 0, r > rc + δ (7.12)

To get the form factor of the square structure (Sc
I ), we take the Fourier transform of equation

(7.7) using the above expressions forρm andρdna,
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Table 7.8: Comparison of experimental (Iexp) and calculated (Icalc) intensities of the square phase
at Cs = 75mM andρ = 4.16. The best fit values of the parametersρh andδ are 325e/nm3 and
0.7nm, respectively.

(hkl) Iexp Icalc

(10) 100 100

(11) 1.73 1.12

(20) 1.62 0.67

(12) 3.74 3.17

(22) 0.12 0.10

(13) 0.08 0.17

f S c
I (q, φ) = 2πcos{

qb
√

2
(cosφ + sinφ)}rdJ1(qrd)/q + fm(q), (7.13)

whereφ is the angle between the reciprocal lattice vector~q and the x-axis.J1(x) is the Bessel

function of order 1.fm(q) is the Fourier transform ofρm(q) which is given by,

fm(q) = 2π(ρh − ρw)rhJ1(qrh)/q − 2π(ρh − ρc)rcJ1(qrc)/q, (7.14)

whererh = rc + δ. The variation of the form factor in different directions is shown in figure

7.13. The calculated relative intensities along with the experimental values are shown in table

7.8. The experimental values are multiplied by corresponding q values of the peaks to take care of

the unoriented nature of the sample. The multiplicity factor of (12) and (13) reflections are twice

that of the other reflections. Hence the intensities of (12) and (13) are reduced by a factor of 2.

The electron density of head group of the surfactant and its thickness are found to be 325e/nm3 and

0.7nm, respectively, from the best fit between the calculated and observed intensities. These values

are found to be comparable to those reported in the literature [27]. The intercalated structure of

the square phase is thus consistent with the diffraction data.

The observation of the rectangular phase in between the hexagonal and square on adding ST

suggests an intermediate structure of this phase. Diffraction data from this phase could be indexed

on a simple rectangular lattice, but the arrangement of the micelles and DNA within such a lattice is
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not clear. One possibility is that the cross-section of the cylindrical micelles changes from circular

in the square phase to elliptical in the rectangular phase. However, it is not apparent why such

a structure would appear between the square and hexagonal phases, both of which have micelles

with circular cross-section. Further, we were not able to induce such ‘ribbon-like’ micelles in

the CTAT-water system by adding ST. Higher resolution data are clearly needed to determine the

structure of this phase.

The occurrence of a nematic phase at high surfactant concentration is consistent with the grad-

ual melting of the complex in the presence of increasing amounts of salt. However, this phase

is not observed when ST is added either to the hexagonal or square phases. In both these cases,

only a slightly turbid isotropic dispersion of small non-birefringent aggregates is obtained. With

further addition of salt even these aggregates disappear and a clear solution is obtained. These ob-

servations, together with the fact that the nematic phase isseen only at high DNA content suggests

that this phase is stabilized by the osmotic pressure due to the excess DNA in the supernatant. The

average separation of∼ 6.5 nm seen in this phase is comparable to the sum of the radii of the CTAT

micelle and DNA. This suggests that the local arrangement ofthe micelles and DNA in this phase

is somewhat similar to those in the other phases, but with no long range positional correlations.

7.6.3 Phase transitions

The observation of various phases with increasing surfactant concentration (Cs) is a novel feature

of the present work. Earlier studies on similar systems showthe structure of the complex to be

independent of the surfactant concentration [28]. In all these systems, increasingCs and DNA

content increases the dissociated salt which plays an important role in determining the stability

of the complex. Addition of simple inorganic salts to cationic lipid-DNA complexes destabilizes

the lamellar complex formed in these systems [29]. Interestingly these salts are not able to induce

any other ordered phases in these complexes. On the other hand, the tosylate counterion released

by the CTAT molecules on complexation has a tendency to bind strongly to the micelle. Thus in

the present system there is a competition between the tosylate counterions and the phosphate ions

on the DNA to bind to the micelle. At low DNA concentration, all the DNA molecules bind to

173



the micelles with a minimal release of tosylate counterion to give rise to the square phase. At

higher DNA concentration, more DNA bind to the micelles at the expense of tosylate to give rise

to the hexagonal phase. From square to hexagonal phase, the number of DNA molecules to each

micelle in the unit cell increases from one to two. This explanation is consistent with observations

on adding ST to the hexagonal phase. The rectangular phase found in between the hexagonal and

square should have an intermediate structure which is yet tobe determined. The appearance of

the nematic phase is the consequence of melting of ordered structure due to the dissociated salt.

Similar melting of ordered structures on lowering the watercontent has been seen in other charged

polyelectrolyte systems, again due to the released counterions [30].

7.7 Conclusion

We have studied surfactant-DNA complex formation in a system with strongly bound counterions.

The basic ‘counterion release’ mechanism is found to hold good in this system as in other systems

with simpler counterions. Novel phases and transitions between them have been observed due to

the competition between the counterion and the DNA to bind tothe micelles. Along with the in-

tercalated hexagonal phase, reported earlier, the square and the rectangular phases have been seen

where the surfactant cylinders are surrounded by DNA standsgiving rise to intercalated structures.

The x-ray diffraction data from the square phase has been analyzed in detail to substantiate the pro-

posed structure. Further experiments are required to deduce the exact structure of the rectangular

phase. The phase transitions are found to be driven by the presence of strongly bound counterions,

as verified by directly adding ST to the complex; these transitions are not seen when NaCl is added

instead. The complex is found to melt at high surfactant concentrations to form a positionally

disordered but orientationally ordered nematic phase.
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