Chapter 7
Novel Structures of CTAT-DNA Complexes

7.1 Introduction

Complexes of DNA with cationic lipids and surfactants hatteaated much attention recently due
to their potential application as non-viral gene deliveegtors, as well as due to their very inter-
esting electrostatics [1, 2, 3]. Positively charged catidipid (CL)-DNA complexes have been
found to deliver DNA into cultured cells by electrostati¢daraction with the anionic cell mem-
brane. Although the transfectioffieiency of these complexes is low, it has several advantages :
non-immunogenicity, low toxicity and ease of large scaledpiction.

In this work we address the role of a strongly bound counteoio the formation of cationic
surfactant-DNA complexes and their structures. The catisarfactant used is cetyltrimethylam-
monium tosylate (CTAT). The counterion in this case is tlsykate ion, which is relatively strongly
bound to the surfactant micelles due to its aromatic nataepared to the much more common
Cl~ and Br counterions. In section 7.2 we give a brief introductionadier work on lipid-DNA
complexes. The experimental techniques used in our stadéedescribed in the section 7.4 and
our results in section 7.5. A partial phase diagram of thewarstructures formed by the com-
plexes as a function of CTAT and DNA concentrations has begerchined from x-ray diraction
data. Four dterent structures have been observed, of which only thecaiied hexagonal has
been seen earlier. At low DNA content we find a structure datarezed by a two-dimensional
square lattice over the whole range of CTAT concentratioastigated. At high DNA content we

find the intercalated hexagonal structure at low CTAT cotre¢ions and a nematic phase at high
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Figure 7.1: Schematic of the intercalated lamelldy) @nd inverted hexagonal fHi phases, most
commonly found in cationic lipid-DNA complexes [8].

CTAT content. Another type of complex is seen in betweendlte®, whose structure is yet to be
determined. The influence of the salts, NaCl and sodium atsyE5T), on the structure of these
complexes was also studied. In section 7.6 we present méatelee electron densities of the
intercalated hexagonal and square phases and give sonstbpgareasons for the occurrence of
the diferent structures in this system. Finally the last sectiartaios 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 suggestbdaal-on-string structure, which
consists of liposomes connected by the DNA strands [1, 4}erLan detailed x-ray diraction
studies have been carried out to investigate the structulen@orphology of these complexes.
Three diferent structures have been reported in these complexeden [Ba6, 7, 8]. The inter-
calated lamellar (f) phase is observed with bilayer forming lipids. Here the Dbtfands are
sandwiched between the lipid bilayers. The DNA form a twaelsional smectic phase with no
long-range positional correlations across the bilayerswvéver, such correlations can arise below
the chain melting transition of the lipid, and the DNA strdadn a centred rectangular lattice [9].
The inverted hexagonal () structure has been found in systems, where the lipids hsre@ncy

to form inverted cylindrical micelles, and also with lipiddich form very flexible bilayers (Fig.
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7.1). In this phase the lipid-covered DNA strands are amdngn a two dimensional hexagonal
lattice. In some systems a transition frorf) o Hy, structure has been observed on heating, and
the transition is found to be thermally reversible [10]. Theercalated hexagonal structureffH
where the hexagonally arranged lipid micelles are surredrxy DNA strands, was first observed
in complexes of DNA with cationic surfactants that form agrical micelles [7].

There have been many investigations on double-chainedtDA complexes, but very few
systematic studies on single-chained surfactant-DNA dexes. The latter system has many in-
dustrial and biological applications specially for DNA gdtion from plants and viruses [11, 12].
There have been some studies to determine the structurengfiexes formed by DNA with do-
decyltrimethylammonium bromide (DTAB), tetradecyltrithglammonium bromide (TTAB), and
cetyltrimethylammonium bromide (CTAB) with inflicient structural information [13]. A system-
atic x-ray dttraction study has been recently carried out by Krishnaswaeimgl on CTAB-DNA
complexes [7, 14]. These complexes were found to form thphase. However, theiland H,
phases could be induced in this system with the additionettsurfactant hexanol.

In aqueous solutions of highly charged polyelectrolytes immic surfactants a fraction of the
counterions can remain condensed on the macroion, as & oéslaé competition between elec-
trostatic energy and counterion entropy in minimizing tleefenergy of the system [15, 16]. This
effect depends on the geometry of the macroion, since it detesithe distance dependence of
the Coulomb energy. It turns out that in the case of a spHeriearoion all the counterions are
released, whereas in the planar case all of them are cortlengbe surface. In the case of linear
macroions, both the energy and entropy terms depend lbgadally on the distance from the
macroion. Therefore, counterion condensation occurs ibrihe linear charge density is fit
ciently high. The critical value of the separation betwekarges is set by the Bjerrum lendt)
which is the distance at which the Coulomb interaction betwvo elementary charges is equal
to the thermal energlgsT. If the seperation between the charges is less thaimen some of the
counterions condense on the macroion, such thatfteeteve separation between the charges be-
comeslg. Ig ~ 0.7 nm in aqueous solutions at°s The average separation between elementary

charges along the DNA strand is 0.17 nm. Therefore, a laggiém of the counterions will be
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condensed on the DNA, resulting in a reduction in the linderge density by a factor of 4. A
similar eéfect can be expected in the case of a cylindrical micelle oicisnrfactants, since the
typical separation between the molecules 3.45 nm. Note that the above arguments do not take
into account any specific interactions between the cowntennd the macroion, which can further
enhance the degree of counterion condensation.

When DNA forms a complex with cationic surfactant micelligg condensed counterions on
both the species are released into the solution. The neguticrease in the entropy of these coun-
terions is responsible for the formation of these complgk@ésl8]. The complex usually separates
out as a precipitate, whereas the counterions remain inujppersatant solution. The counterion
release mechanism of complex formation has been verifieerempntally by measuring the coun-
terion concentration in the supernatant [19].

Generally the surfactant aggregate morphology does natgehan complexation. However,
in some cases, steridfects and the packing properties are found to be dominatictpriain

determining the morphology [20].

7.3 Theoretical phase diagram

A complicated phase behaviour of complexes formed by DNA wiixtures of cationic lipids
and co-lipids has been predicted theoretically by taking account the electrostatic and elastic
energies of the system and the mixing entropy of the lipigtay21, 22].

The major contribution to the electrostatic free energyhésdntropy gain due to the release of
counterions from both the DNA and lipid molecules. Basedhmnrtonlinear Poisson-Boltzmann

(PB) equation, the electrostatic free energy of a charggdaaiin solution is expressed as,

fes = % fs(ﬂDds+ ke T o f[;bsinhd/ — 2coshy + 2]dv, (7.1)
\'

whereo and® are the local surface charge density and electrostatiaipakerespectivelyy =
ed/k, T is the reduced electrostatic potentia.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, foridip that self-assemble into very
soft planar membrane& & 0 and f, = 0), calculated as a function of the mole fraction of the
cationic lipid, m, and the lipid to DNA charge ratip. S, B, H and D denote the, L,, Hf, and
uncomplexed DNA phases, respectively [21].

k
f4=Asc-c)’ + Ty (7.2)

wherek is the bending modulus of the lipid layerandc, the actual and spontaneous curvatures
and A the area per molecule. The first term is the deformatn@ngy per molecule in a cylindri-
cally bent lipid layer.f, arises from the average stretching per molecule which kiasis thel,
andL¢ phases but is non-zero in the inverted phase. The mixingeineegy of the monolayer in

different phases is given by,

f™"/keT = ¢lng + (1 — ¢) In(1 — ¢) (7.3)

whereg is the lipid composition.

Minimizing the total free energy with respect to the releveariables, the phase diagram has
been calculated in the (lipid/DNA ratio) - m (mole fraction of cationic lipid in the lipid mture)
plane. A typical phase diagram is shown in figure 7.2, wheeeetkistence of thé&, and Hy,

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

7.4 Experimental

Cetyltrimethylammonium tosylate (CTAT) and sodium salt'vifghly polymerized” calf thymus
DNA were obtained from Sigma. The chemicals were used as/szteTheir structures are shown
in figure 7.3. The concentration of CTAT solutio@gj was varied from 10mM to 250mM. The
solution was prepared with deionized water (Millipore). d&dared amounts of DNA fibre were
added to this solution. For each value@f p [=(wt. of CTAT)/(wt. of DNA)] was varied over a
wide range about the isoelectric poiptsf = 1.41), where the number of surfactant molecules is
equal to the number of DNA bases. To check theat of salts, stock solutions of NaCl and sodium
p-toluene sulfonate (ST) were prepared. Measured amountAf @nd DNA fibre were added to
it. The complex was collected in 1mm diameter glass capilfiar x-ray diffraction experiments,
the details of which have been given in previous chapters.

IR absorption spectra were recorded wittsdamadzu FTIR-8400 spectrometer keeping the
sample in AgCI cell Thermo Electron Corporation). UV absorption spectra were recorded with a
Hitachi U3200 spectrometer taking the sample in quartz cell. The supsnhatas collected after

centrifugation at a speed of 4000 rpm for 20 minutes.
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Figure 7.4: IR spectra of (a) CTAT solution@ = 100mM andgp = oo , (b) CTAT-DNA supernatant
atCs = 100mM ando = 0.38 and (c) CTAT-DNA supernatant@ = 100mM ando = 4.2.
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Figure 7.5: IR spectra of (a) CTAT solutionga¢= 100mM ang = oo (b) CTAT-DNA supernatant

for p< pip atCs = 100mM andgp = 0.38 (c) CTAT-DNA supernatant fer> p;, atCs = 100mM and
p =4.2. All the three compositions show the existence of tdeydaunterions into the supernatant.

158



7.5 Results

7.5.1 Formation of complex

As discussed earlier, the formation of the complex is drivethe entropy gain due to the release
of the counterions both from the surfactant and the polyeslgdte [19]. CTAT surfactant has the
p-toluene sulfonate (also known as tosylate) counteriong¢hivhinds much more strongly to the
micelle, compared to Cland Br ions, due to its aromatic nature. NMR studies on similaresyst
have shown that these counterions sit on the micellar saivfétt their hydrophobic part immersed
in the hydrocarbon region of the micelle. Although the tasglion is soluble in water, it is,
therefore, not clear if the majority of the counterions aleased into the solvent on complexation.
In order to check this, IR spectroscopy studies of the sugtam of the complex were performed.
For pure CTAT solutionsg = ) we find the characteristic absorption due to C-H stretching
at 2854.5 and 2925 cth These are also seen in the supernatanpfopis,, coming from the
uncomplexed CTAT molecules. Fpk pis, these absorption peaks are not seen ( Fig. 7.4), since
at these compositions all the CTAT molecules are incorpodrat the complex. There are a number
of additional absorption peaks at around 1250 to 1100 @rising from the tosylate counterions.
All the three compositionso(= o, p> pix, andp< pis) Show these peaks indicating the presence
of released counterions in the supernatant ( Fig 7.5). Rétioe areas under the tosylate and C-H
absorption peaks is found to be four times higher for CTATAD®ddmplex atCs = 100mM ando

= 4.2 compared to pure CTAT solutions at 100mM. It indicatesekistence of extra counterions
in the supernatant, which are released due to the formatithne@omplex.

The presence of uncomplexed DNA was verified using UV-spsctpy of the supernatant of
the complex ap< pi. Under these conditions a strong absorption peak is obdextvaround
260nm which is a characteristic peak of the DNA moleculesTaak is not found at> pig, (Fig.
7.6).
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Figure 7.6: UV spectra of (a) CTAT-DNA supernatant faf pis, at Cs = 50mM andp = 0.7, (b)
CTAT-DNA supernatant fop> pis, atCs = 50mM ando = 4.0.

7.5.2 Structure of complex

DNA-CTAT complexes at all compositions show birefringenceler a polarizing microscope indi-
cating the formation of anisotropic phases. X-rafjrdiction studies show threeftirent difraction
patterns indicating dlierent structures depending on surfactant and DNA condentsxFig. 7.7).
The phase diagram of the system determined from tfieadtion data is shown in figure 7.8.

At low surfactant concentrations and high DNA content théraction pattern shows three
peaks with their g values in the ratiom3:2 corresponding to (1 0), (1 1) and (2 0) reflections
from a 2-D hexagonal lattice. With increasing CTAT concatitn Cs), the lattice parametexis
found to increase whereas it is independeni.af increases by around 104, fro8, = 10 mM to
75mM ( Table 7.1).

At low values ofCs the hexagonal structure transforms to fiatent structure on decreasing
the amount of DNA (Fig. 7.8). X-ray data from this phase cduédindexed on a square lattice
as shown in table 7.2. From the shape of the phase boundarglagar that the amount of DNA
required to have this hexagonal to square transition ise®aith increasing surfactant concen-
tration. ForCs < 150, the lattice parameter of the square phase is almogpendent of both

surfactant and DNA concentrations. A slight increase issoled at higheCg (Table 7.3). This
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Figure 7.7: Ditraction patterns of the flerent phases: (a) hexagonalCat= 50mM andop = 0.7,
(b) square a€s = 75mM andp = 4.16 and (c) rectangular & = 100mM ando = 1.41.
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Figure 7.8: Partial phase diagram of DNA-CTAT complexesaghg hexagonal (9, square (3
and rectangular (B phases. N indicates the nematic phase which appears atiggrgurfactant
concentrations in the presence of high amount of DNA.
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Table 7.1: Variation of the lattice paramegenf the hexagonal phase with surfactant concentration
(Cs) and with CTAT to DNA weight ratio).

Cs(mM) | p | alnm)
10 |0.70| 5.19
1.41| 517
50 |0.70| 5.74
1.41| 5.79
2.0 | 5.79
75 | 05| 6.02
0.98| 6.06

Table 7.2: Indexing of x-ray dliraction data on a square lattice for the DNA-CTAT comple€at
=75mM ando = 1.41.

Jexp(NM) | deac(nm) | Plane | Intensity
4.95 4.95 (10) VS
3.53 3.50 (11) w
2.50 2.47 (20) w
2.23 2.21 (12) S
1.78 1.75 (22) W
1.59 1.56 (13) W

phase is observed over the whole range of surfactant caatientstudied at high values pf(low
DNA content).

At much higher values of CTAT concentratio@s(> 90mM) with high DNA content, another
kind of diffraction pattern is observed for low valuescofThese data can be indexed on a simple
rectangular lattice (Table 7.4). The transition from thaase to this phase with the addition of
DNA has been clearly observed in the experimental data waldupl appearance of extra peaks
(Fig. 7.9). One of the lattice parameteeschanges to slightly lower values with decreasing
DNA content but the other onle remains almost same (Table 7.5). With further increaseen th
surfactant concentration at high DNA content, anothercsiine is found, which gives a flluse

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

Cs(mM) | p | alnm)
10 2.82| 5.01
5.37| 5.03

50 2.2 | 5.09
42 | 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
454 | 5.23

250 2.24| 5.30
4.03| 5.30

long-range positional order of the lattice is lost, and dahg-range orientational order is retained.
The difuse peak appears at around 6.5nm which decreases sligtilynereasingCs. Such a
length scale is not expected from an ordered structure fdrioyeconcentrated DNA solution.
Consistent with this, no éraction peak is observed from the supernatant at these togns,
which contains the excess DNA. It should be mentioned trexetis no &ect of temperature on

the structure of dferent phases in this system. The temperature was varied3@o@ to 75°C.

7.5.3 Stability of complex: Hfect of salt

As mentioned earlier, in the present system the dissocgtddctant counterion has speciéim

ity to get adsorbed on the surfactant micelles. To checkrfleance of the degree of absorption
of counterions in determining the structure of complexnges in the structure of the complex in-
duced by diferent salts were investigated. Simple inorganic salt Ne&d added to the hexagonal

phase at the compositi€@y = 10mM andp ~ 0.71. The lattice parameter of this phase is found to
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Table 7.4: Indexing of x-ray diraction data on a simple rectangular lattice for the DNA-TTA
complex alCs = 100mM ando = 0.387.

Jexp(NM) | deac(nm) | Plane | Intensity
5.68 5.68 (10) WS
4.78 4.78 (01) s
3.66 3.65 (11) s
2.84 2.84 (20) w
2.20 2.20 (12) vw
C.= 100mM

Log[Intensity(arb. unit)]

Figure 7.9: Variation of the dliraction patterns across the rectangle to square transit@= 100
mM. Values ofp are (a) 0.38, (b) 0.98, (c) 1.41, (d) 4.2 and (e) 5.93. Pateno 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 regtdar phase with surfactant concentration
(Cs) and with CTAT to DNA weight ratio).

Cs(mM) 0 a b
90 131 | 5.25| 4.8
100 0.38 | 5.68| 4.78

0.725| 5.65| -

0.97 | 5.35| 4.79

141 | 5.31| 4.84

150 0.99 | 5.38| 4.76

Figure 7.10: Difraction patterns of the CTAT-DNA complexes@t 1.41 for (A) Cs = 100mM
and (B) 250mM. It shows the melting of an ordered structuréncreasing the concentration of
the surfactant solution.
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Table 7.6: Hect of NaCl on the structure of fierent phases in CTAT-DNA system @t = 10
mM. 1D denotes ‘isotropic dispersion’.

o | NaCl(mMm) 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.@weler, the addition of NaCl is not able
to change the structure of the complex. At very high salt eotration, the complex melts into an
isotropic dispersion. NaCl was also added to the squareei&s = 10 mM andp ~ 4.20 and it
had no &ect on the lattice parameter of this phase. However, as ipréhgous case an isotropic
dispersion is formed at very high salt concentration. Thigcat salt concentration to form the
isotropic dispersion is similar for both phases. The swglbf the hexagonal phase seems to be a
general feature and does not depend upon the type of surfaatait is observed on the addition
of NaBr to the cetyletrimethylammonium bromide (CTAB)-DNAmplex. In this case the lattice
parameter has been found to increase from 5.12 to 6.43nnhandte complex dissolves into an
isotropic dispersion at around 50 of salt.

The behaviour is completely fierent when sodiunp-toluene sulfonate (ST) is added to the
complex. As in the case of NaCl, this salt was also added tdvéx@gonal and square phases.
The hexagonal phase @ = 10 mM andp ~ 0.71 is found to initially swell and then transform
to the rectangular and square phases with progressive@ddftST. At high salt concentration an
isotropic dispersion is again formed. Interestingly, whHensalt was added to the hexagonal phase

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

o | ST(mM) phase a
0.71 0 hexagonal 5.25
50 rectangular| 5.25,4.58
75 square 5.25
100 ID -
141 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 gt ~ 0.71 and 1.41 are consistent with the phase boundary in theeptiagram of
the complexes without any added salt. ST was also added smtlee phase & = 10 ando ~
4.2. Unlike the other phases the square phase does not slgahamge in its structure but only a
very small change in the lattice parameter (Table 7.7). Hexeof ST is found to be much more
pronounced than that of NaCl, as manifested by the much lovitezal 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 likettoesir the surface of the surfactant
micelle inserting their aromatic ring into the micelles [23]. Unlike other systems studied earlier,
with simpler counterions such as Cand Br, in the present system it is in principle possible
that the released counterions are retained in the miceResplectroscopy results indicate that

the amount of tosylate counterion is much more in the supanba@f the complex compared to
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the CTAT solution of same total surfactant concentratiomer€fore, release of counterions on
complexation is taking place even in this system, and musghéelriving force for complexation
as in other systems studied earlier.

Results of UV spectroscopy studies support the presenceaainoplexed DNA in the super-
natant whemw< pjs. FOrp> pis, all the DNA are utilized to form the complex. In such a sitoat
the supernatant is found to contain only the surfactant. ibwreresides of the isoelectric point the

supernatant contains the excess component, as in the cagggt@ins with simpler counterions.

7.6.2 Modelling of structures

The hexagonal phase fjeen in this system is similar to the one seen in CTAB-DNA plaxes.
The scattering from this phase has been analysed in detKitiBlgnaswamy et al [14], and shown
to be consistent with an intercalated structure. In thigcstire each DNA strand is intercalated
between three micelles (Fig. 7.11A). From this close packaxtlle-DNA structure, the cylinder
radius of CTAT micelles was estimated and is found to in@desm 1.75 nm aCs = 10mM to
2.1nm atCg = 50mM. Such an increase of micellar radius with surfactantceatration has also
been reported in other systems [25].

The main result of this work is the observation of three nemdkiof non-lamellar assemblies
of surfactant and DNA molecules. The square, rectanguhnamatic phases of these complexes
have not been reported until now. The lattice parameteres$tjuare phase {)3s consistent with a
closed-packed structure, where each micelle is surroubgéaur DNA strands (Fig. 7.11B). For
example, aCs = 50mM ando = 1.41, the experimental value afs 4.9 nm, whereas the calculated
value is 4.8 nm. In this structure there is one DNA strand peehe. On the other hand, in the
hexagonal phase there are two DNA strands per micelle. Shisnsistent with the observation
that the square structure is obtained from the hexagonakptradecreasing the DNA content. We
have carried out detailed analysis of th&miction data to check the proposed structure. We model
the two dimensional electron density of the square strecimd compare the calculated relative
intensities with those observed. The details of such aryaisaior the hexagonal phase has been

described elsewhere [14].
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Figure 7.11: The schematic diagrams of (A) hexagonal ands(Biare phases of CTAT-DNA
complexes.
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Figure 7.12: The electron density model used to calculaelifraction data of the Sohase. The
disc with radius ¢ represents the hydrocarbon region of the micelles. Theeshadnular ring of
thicknesss corresponds to the head group region. The other shaded iisadius g is the DNA.
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The electron density of the structure can be written as,

po(F) = pi(1) ® p(7), (7.4)

wherep,(F) is the lattice function describing the square lattice a(f is the basis function de-
scribing the contents of a unit cet denotes convolution of the two functions. Fourier transfor

of this relation gives,

F(d) = fi(d) x f(d), (7.5)

The intensity of the scattered radiation is given by,

1(d) = IF(a)/ (7.6)

We consider a symmetric basis to make the calculation sin{plg. 7.12). The space in
between the micelles and DNA is filled with watep. is the uniform electron density of the
hydrocarbon region of the micelle which is modelled as a diskadius g. ¢ is the thickness of
the annular ring of the head group region with electron dgnpsi The disk with radiusgis the
hydrated DNA strand with electron densjty. The values op. and water electron densipy, are
taken as 280/am® and 332 ;mm? [26]. The value of § is well known to be 1.25 nm. The radius
of cylindrical micelle is calculated to be 2.1 nm. The valdie.as then defined as (2.4nm. The
value ofpg is taken from [14] to be 40¢/em®. We takep, ands to be adjustable parameters in our
model since on complexation they can take upedent values. The electron density of the unit cell
is the convolution of the electron density of a DNA cylinggra(r) with a set of delta functions
representing their positions, plus the electron densith@imicelleo(r). We take a factor of half

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

pH(0) = Sper) ©( = YIS0 ~ /) + 60 + 3n/4) + p1) 7.7)

whered is the angle made by the position vectowith the x-axis, and b= r. +§ +r,) is the

distance between centres of the micelle and the DNA strahe electron density of DNA is given
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Figure 7.13: Variation of the form factor of th¢ &ructure along (&1, (b) G11, (€) G12 and (d)dis
for a= 4.95nmpp = 325 ¢nm?® andé =0.7 nm. The values of the other parameters are discussed
in the text. The arrows show the positions of the observeldigea

by,

pdna(r) =pPd—Pw I <TIqg (7-8)

=0,r>rc.+90 (7.9)

The electron density of the micelle is given by,

=pPh—pPwfc<I <Ifc+6 (7.11)
=0,r>rc.+0 (7.12)

To get the form factor of the square structurg)(8ve take the Fourier transform of equation

(7.7) using the above expressions fgrandogna,
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Table 7.8: Comparison of experimentékf) and calculatedl{,c) intensities of the square phase
atCs = 75mM andp = 4.16. The best fit values of the parametegsands are 325¢nm® and
0.7nm, respectively.

(hkl) Iexp l calc
(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

c b .
£57(q, ¢) = %cos{%(cosp + SINg)Irady(are)/q + fm(C). (7.13)

whereg is the angle between the reciprocal lattice veci@nd the x-axis.J;(x) is the Bessel

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

fn(Q) = 27(on — pw)rndi(drn)/q — 2n(on — pc)redi(@re)/d, (7.14)

wherery, = r. + 8. The variation of the form factor in ffierent directions is shown in figure
7.13. The calculated relative intensities along with thpegimental values are shown in table
7.8. The experimental values are multiplied by correspamdivalues of the peaks to take care of
the unoriented nature of the sample. The multiplicity factib(12) and (13) reflections are twice
that of the other reflections. Hence the intensities of (1) @3) are reduced by a factor of 2.
The electron density of head group of the surfactant antiitkness are found to be 326 and
0.7nm, respectively, from the best fit between the calcdlatel observed intensities. These values
are found to be comparable to those reported in the liteed@2if]. The intercalated structure of
the square phase is thus consistent with thigatition data.

The observation of the rectangular phase in between thegbaghand square on adding ST
suggests an intermediate structure of this phasétdoation data from this phase could be indexed

on a simple rectangular lattice, but the arrangement of fhelras and DNA within such a lattice is
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not clear. One possibility is that the cross-section of fimdrical micelles changes from circular
in the square phase to elliptical in the rectangular phasmweher, it is not apparent why such
a structure would appear between the square and hexagasdgtboth of which have micelles
with circular cross-section. Further, we were not able ttuge such ‘ribbon-like’ micelles in
the CTAT-water system by adding ST. Higher resolution da¢eckearly needed to determine the
structure of this phase.

The occurrence of a nematic phase at high surfactant caatientis consistent with the grad-
ual melting of the complex in the presence of increasing anwaf salt. However, this phase
is not observed when ST is added either to the hexagonal arsgunases. In both these cases,
only a slightly turbid isotropic dispersion of small norrddfringent aggregates is obtained. With
further addition of salt even these aggregates disappéaa alear solution is obtained. These ob-
servations, together with the fact that the nematic phaseas only at high DNA content suggests
that this phase is stabilized by the osmotic pressure dueetexcess DNA in the supernatant. The
average separation ef6.5 nm seen in this phase is comparable to the sum of the fatle € TAT
micelle and DNA. This suggests that the local arrangemetiteomicelles and DNA in this phase

is somewhat similar to those in the other phases, but witlong tange positional correlations.

7.6.3 Phase transitions

The observation of various phases with increasing sunfiactancentration@s) is a novel feature
of the present work. Earlier studies on similar systems sti@astructure of the complex to be
independent of the surfactant concentration [28]. In adkthsystems, increasi@y and DNA
content increases the dissociated salt which plays an teaporole in determining the stability
of the complex. Addition of simple inorganic salts to catolpid-DNA complexes destabilizes
the lamellar complex formed in these systems [29]. Interghkt these salts are not able to induce
any other ordered phases in these complexes. On the othérthartosylate counterion released
by the CTAT molecules on complexation has a tendency to kimehgly to the micelle. Thus in
the present system there is a competition between the tesydanterions and the phosphate ions

on the DNA to bind to the micelle. At low DNA concentration] #ie DNA molecules bind to
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the micelles with a minimal release of tosylate counteriomitze rise to the square phase. At
higher DNA concentration, more DNA bind to the micelles & #xpense of tosylate to give rise
to the hexagonal phase. From square to hexagonal phaseyrtii=nof DNA molecules to each
micelle in the unit cell increases from one to two. This erplion is consistent with observations
on adding ST to the hexagonal phase. The rectangular phaseé fio between the hexagonal and
square should have an intermediate structure which is yeeé tdetermined. The appearance of
the nematic phase is the consequence of melting of ordemectste due to the dissociated salt.
Similar melting of ordered structures on lowering the watartent has been seen in other charged

polyelectrolyte systems, again due to the released caans=30].

7.7 Conclusion

We have studied surfactant-DNA complex formation in a systeth strongly bound counterions.
The basic ‘counterion release’ mechanism is found to hotatigo this system as in other systems
with simpler counterions. Novel phases and transitiong/éet them have been observed due to
the competition between the counterion and the DNA to binthéomicelles. Along with the in-
tercalated hexagonal phase, reported earlier, the sqondrha rectangular phases have been seen
where the surfactant cylinders are surrounded by DNA stgivitgg rise to intercalated structures.
The x-ray ditfraction data from the square phase has been analyzed ihtdetabstantiate the pro-
posed structure. Further experiments are required to @eithecexact structure of the rectangular
phase. The phase transitions are found to be driven by tisemce of strongly bound counterions,
as verified by directly adding ST to the complex; these ttaors are not seen when NacCl is added
instead. The complex is found to melt at high surfactant eotrations to form a positionally

disordered but orientationally ordered nematic phase.
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