Chapter 4

Influence of hexanol on the structure of
CTAB-DNA and CTAB-SHN-DNA
complexes

4.1 Introduction

This chapter deals with the structural transformations ©AB-DNA complexes in-
duced by the cosurfactant hexanol. Earlier work on lipidA¢ystems [1] has shown that
hexanol can transform these complexes from a lamellar txagomal structure, which has
been attributed to the increased flexibility of the membsainethe presence of the cosur-
factant. These experimental studies are described irose¢i?2. The phase behaviour of a
surfactant-water system is significantly altered by thatamdof a cosurfactant and the phase
diagram of the CTAB-hexanol-water system is also discugsedction 4.2. In section 4.3,
we outline some theoretical calculations on the phase hetaof lipid-DNA complexes as
a function of the membrane flexibility, charge density anoindgneous curvature. In section
4.4, we present our results on CTAB-hexanol-DNA complexdevel structural transfor-
mations of these complexes are found driven by hexanol andl @xicentrations. We have
also studied the influence of hexanol on the lamellar pha€¥AB-SHN-DNA complexes.
Here again we find a transition from a lamellar to a hexagohakp on increasing the hex-
anol concentration. These observations are dealt withaticse4.5. In section 4.6, we
present some plausible explanations for the observed lmhrabased on the theories of

phase behaviour of lipid-DNA complexes. Finally, sectioid deals with the conclusions
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that may be drawn from the experiments discussed in thistehap

4.2 Influence of a cosurfactant on the phase behaviour of
surfactant-water systems

A cosurfactant is an amphiphile which does not form aggesgay itself in aqueous
solutions. However when added to a surfactant solutionodifres the properties of the sur-
factant aggregates such as their spontaneous curvatufiexibdity. The efect of alcohols
(ethanol to hexanol) on the micellar properties have beediest using conductivity, os-
mometry and light scattering techniques [2]. These studdisate that long chain alcohols
significantly dfect the micellar properties. It is found that the additioralmiohols ranging
from butanol to hexanol to a micellar solution results in ardase of the critical micellar
concentration (CMC) and of the molecular weight of the mMéehs well as an increase in
the degree of ionization of the micelle. These are attriditechanges in surface charge

density as well as in the dielectric constant near the headpyegion.

The dfect of long chain alcohols on surfactant systems has beeledtin detail [3].
The morphology of the micelle is found to vary on adding hetamd has been monitored
through viscosity and light scattering measurements. Rieixaduces a sphere to rod tran-
sition of the micelles. This is a consequence of the decreaspontaneous curvature of
the headgroup-water interface in the presence of hexanchweads to the elongation of
micelles. These studies have also shown that the solutiesists of long, flexible rod-like
micelles that get entangled leading to a viscoelastic bhebay4]. These are referred to as

worm-like micelles in the literature.

The cetyltrimethylammonium bromide (CTAB)-water systexhibits an isotropic phase
formed by spherical or rod-like micelles at low surfactanhcentration (up to 25% by

weight) [5]. On increasing the surfactant content, a heragjphase consisting of rod-like
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Figure 4.1: Phase diagram of CTAB-hexanol-water & 2%, - isotropic, aqueous solution
,L, - isotropic hexanol rich solution. D- lamellar phase, E-dgonal phase [6].

micelles arranged on a 2D hexagonal lattice is obtained.hEiagonal phase persists over
a large range of surfactant concentration. A lamellar pfiagdly appears at very high sur-
factant content ( 84-92% by weight). The addition of hexaholWwever, alters the phase

behaviour of CTAB-water system significantly.

The phase behaviour of CTAB-hexanol-water system (fig 4a%)deen probed in some
detail using x-ray dtraction and polarizing microscopy [6]. An isotropic mi@lsolution is
present at low surfactant and hexanol concentratigh @At higher surfactant concentrations
(30- 70%) and low hexanol concentration (0 - 5%), a hexagphase (E) is observed. The
incorporation of hexanol does not significantly alter thitidea parameter of the hexagonal
phase, the diameter of the micellar cylinders and the tl@skrof the water layer up to 6%
hexanol. At higher hexanol concentrations, a lamellar ei{&9 is observed. The bilayer
thickness is found to decrease from 3 nm to 2.5 nm on varyiagétio of hexanol to CTAB
from 0.5 to 3.0. The lamellar phase exists up to 99% watetidilu This swelling behaviour
is attributed to a steric repulsion arising from the theraradulations of the bilayers, as dis-
cussed in chapter 2 [7]. The regibn observed at high hexanol concentrations, consists of a

homogenous, isotropic phase rich in hexanol.
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Figure 4.2: Bending rigidity of the bilayers in sodium doglsalphate-alcohol-water system
as a function of alcohol chain length. Black circles are expental data [8] and the solid
line is calculated from theory [13].

The influence of alcohols on the bilayer bending rigidityl{as been studied using x-ray
scattering techniques on sodium dodecylsulphate (Sx®)al-water systems [8]. Due to
the thermal undulations of the bilayers in the lamellar ghathe profile of the diraction
peak follows a power law behaviour given by
1(0.0) ~ | Gz = Gm [

19, 0, Gm) ~ (q.)~*2m

whereq, andg, are components of the wave vectpparallel and normal to the bilayerg,,

= mg,= 2rm/d, m being an integer and d the lamellar periodicity.

nm IS the exponent which describes the algebraic decay of tayreelations and is given by
Nm = mzqngT/Sn(BK)%, whereB is the compressibility modulus ardthe bending rigidity
modulus of the lamellar phase. X« / d, wherex is the bending rigidity of a single bilayer.
B can be estimated from osmotic pressure measurements cantlelldr phase. Thus from
the power law exponeng,, « has been calculated [9]. The ploas a function of the alcohol
chain length is given in fig 4.2. For short chain alcohols @péptanolx ~ 3 kgT, whereas

for long chain alcohols (octanol to dodecanol 13 kgT.

Elasticity theory predicts thato 63, wheres is the thickness of the membrane [10]. In
some of the earlier microscopic theories of the bilayer bendgidity [11, 12], the dramatic

lowering of k observed on addition of short hydrocarbon chains to a hilagenposed of
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Figure 4.3: Bending elastic constants of a mixed bilayesiimg of long C,6) and short
(Cs) chains as a function of the short chain mole-fraction (esclower abcissa). Also shown
(squares, upper abcissa) are the bending constants ol@somyponent bilayer as a function
of chain length. All data, for both the mixed and the purey®is are for chains packed with
an average area per head-group cf 81.6 &. In these calculations the bending takes place
at constant A [11].

long chains (fig 4.3) is qualitatively explained as follov@@oser to the hydrocarbon-water
interface, the short and long chains have similar area pézgule. But beyond the region
where the short chains terminate, the area per long chaieases and the bending in this
region has negligible energy cost. Thus the short cosanfaathains can be regarded as
spacers between the long chains. Though these theoriexphkainethe increase ir with
the chain length of the alcohol, they cannot account for the&eoved discontinuity in the
bending rigidity with chain length. A more recent theoryposed by Foret and Wurger [13]

Is however able to quantitatively account for the measuggdity as well as the discontinu-

ous behaviour of bending modulus (fig 4.2).
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4.3 Theoretical studies on the phase behaviour of cationic
lipid-DNA complexes

The phase behaviour of solutions containing DNA, catiomid acutral lipids has been
theoretically studied [14]. The fierent phases considered in this theory are intercalated
lamellar structure of the lipid-DNA complex §) consisting of DNA strands sandwiched
between bilayers, the inverted hexagonal phase of the @ngpinsisting of DNA covered
by lipid monolayer H), free bilayers in agqueous solutioh,j, uncomplexed, free DNA
in solution (D) and inverted hexagonal phakg J. The free energies of the various phases

have been calculated as a function of lipid composition gid/DNA ratio (o) .

The free energy per lipid molecule is of the form
fo = £+ £9 + £ (@ =LS, HS, Ly, Hyy )

The three terms represent contributions from electrastatirging, elastic curvature, and
2D mixing entropy of the lipid layers respectively. The tdtae energy, which is a weighted
sum involving the dierent phases, is then minimized with respect to the reléhanmnody-

namic variables to obtain the phase diagram.

The major contribution in the electrostatic free energhésdntropy gain from the release
of counter ions originally bound to the polyion and the béeg; into the solution on com-
plex formation. This depends on the surface charge desgfi¢he individual macroions,
structure and composition of the condensed phases andosakmtration in solution. The
electrostatic free energies of the various structures al®@kated based on the nonlinear

Poisson-Boltzmann (PB) equation.

If o is the local surface charge densitp the corresponding electrostatic potential, V

the volume of the electrolyte solution angithe concentration of salt in the aqueous solution
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and¥ the reduced electrostatic potential givenby ed/kgT. The electrostatic free energy

of a charged surface in solution is given by
F*® =1 [[o®ds+ksTno [[¥sinh¥ — 2cosh¥ + 2]dv

where the first term involves contribution from all the chedgurfaces SY is obtained by
solving the Poisson-Boltzmann equation given by

V2¥ = k2sinh¥

where the Debye screening lengih = 1/«’.

The solution to the Poisson Boltzmann equation dependseoahthrged surface considered
and boundary conditions specified for the system. InLthehase, the bilayer surfaces are
treated as cationic, electrostatically decoupled susfémewhich¥’ = d¥/dz=0at z— o
and¥ = —4n¢glg/a at the charged surfacdg is the Bjerrum length angg = Ng/N0 :
whereN; and N3 are the number of cationic and neutral lipids in the bilaylérA is the
cross-sectional area per lipid molecutg, determines the surface charge densigyof the

bilayer, given byog = e ¢g/A.

In this model the ds DNA is treated as a cylindrical rod of amf negative charge.

Hence in theHC

i» Hi and D phases, the charged surfaces are cylindrically syrmnfielh is

the separation between the charges on the DNA, then therom#forface charge density of
DNA, op, may be given in terms of the radius of DNRy, asop =-e/ 27 Rp b. Thus

for phase D, the boundary condition is given\By= 0 at r= o, and¥ (Rp) = 2lg/(Ro)b

at the surface of the rod. For thé), phase, the boundary conditions a¥g0) = 0 and
¥Y'(R) = 4ng)lg/Ang, WhereR, is the radius of curvature of the lipid head group water in-
terface in theH,, phase and\y is the head group area of the lipid molecule in the inverted
phase, ang, = N//N? whereN;” andN? are the number of cationic and neutral lipids in
the inverted hexagonal phase. For tiie phase, the PB equation is solved for the aqueous
region between two concentric, oppositely charged susfagth Ry < r < Ry. Ry is the

radius of curvature of the strongly curved lipid head grougace in theHS phase.
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Ry = Rp + 6w, Wheresd,, is the thickness of the water layer between the DNA and the
lipid molecules. The boundary conditions a¥gRp) = 2lz/Rpb at the DNA surface and
Y'(Ry) = 4ngnle/Ang at the lipid surface, wherdy, is the head group area of the lipid
molecule in the inverted phase apgl= N/,/NS, whereN;, andN§, are the number of cationic

and neutral lipids in the inverted hexagonal lipid -DNA cdexp

The PB equation for the unit cell of tH& phase is two dimensional and the boundary
conditions here are more complex [15].

The elastic energy density of the lipid monolayers constigthe diferent lipid contain-
ing phases is given by
fé(c, ¢) = A(k/2)(c — Co(9))” + fu.
The first term represents the elastic deformation energynodecule in a cylindrically bent
lipid monolayer. Herex is the bending modulus, the spontaneous curvature of the mono-
layer, c the actual curvature aAdhe area per molecule.denotes the lipid composition. In
the inverted phase, some of the hydrophobic tails are mogteked in order to fill the inter-
stitial regions between the cylinders. Since these moéscekperience a flierent geometry
from the rest, they are frustrated and experience averagjelsng cost per molecule given

by f,. For the phasek, and Lg, f, is zero.

The monolayers in the fierent phases are assumed to be ideal 2D mixtures. Hence their
mixing free energy is given by
fMX/ksT = ¢lng + (1 — ¢)In(1 - ¢)
Adding the electrostatic, elastic, and mixing contriboipthe total free energy of the mix-
ture is minimized with respect to the relevant variablesinyblves eleven concentration
variables, of which three are eliminated due to the conservaondition that the total num-
ber of cationic lipid, neutral lipid and DNA molecules aredtk Also sinceRy and R,
are fixed in the inverted phases, it imposes a structuralti@nsthat fixes the number of

molecules that can be incorporated into the inverted ph@ikes f is a function of seven
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Figure 4.4: The phase diagram of a lipid-DNA mixture, foridip that self-assemble into
rigid planar membranes. The phase diagram was calculatexdrfiembrane characterized
by x = 10kgT and ¢ = 0. The symbols S,B, and D denote, respectively, lthel, and
uncomplexed DNA phases [14].

independent variables. For evgrywhich is the ratio between the total number of cationic
and DNA charges in the system, and m, the mole fraction ofatiermic lipid in the original

lipid mixture, the minimization of free energy with respéathese variables gives the num-

ber and identity of the coexisting phases and their comiposit

For rigid planar membranes, no hexagonal phases appear ¢alitulated phase diagram
(fig 4.4). At low values op, lamellar complexes coexist with uncomplexed DNA. Here the
DNA-DNA separation remains constant. Further increagele&ds to a one-phase region of
lamellar complex alone where the DNA-DNA separation insesdinearly withp, near the

isoelectric point. At high values @fthe complex coexists with excess bilayers.

For soft planar membranes, a more complex phase behaviobtagmed (fig 4.5). At
small values op, D coexists with eithetS or HS depending on the value of m. At highall
the DNA is complexed and coexists with excess bilayers. &hellar phase of the complex,
persists over a large range ofat high m, since the structure can tolerate changes in lipid
composition by adjustindona. Due to the structural constraint imposed in tfe phase, it
exists only along a straight line in the phase diagram. Atfixethe complex can undergo

a transition from a lamellar to a hexagonal complex on deingethe charge density which
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Figure 4.5: The Phase diagram of a lipid-DNA mixture, foidgthat self-assemble into
very soft planar membranes. The phase diagram was caldutatenembranes character-
ized byx=0 andf, = 0. The symbols S,B,H and D denote respectively,lthg.,,HS and
uncomplexed DNA phases. The straight dashed line marksrte$iS phase region [14].
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Figure 4.6: A series of SAXS scans of DOTAP-DOPC-hexanolhDi¢mplexes in excess
water at diferent [hexanof]lipid] ratio [1].

has been observed experimentally [1]. A hexagonal to lam#thnsition of the complex is
also predicted for intermediate charge densities on dsitrga. Such transitions have not

been reported in any of the earlier studies on Jigitifactant-DNA complexes.

In the absence of DOPC, DNA-DOTAP-hexanol complexes ekhitamellar phase [1].
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Figure 4.7: Schematic diagram of the inverted hexagonaselitd;) where the DNA are
confined to the aqueous cores of the micelles.

The DNA-DNA separation was found to increase with hexanakemtration. Further, when
[DOPCJ[DOTAP] ~ 1, the difraction pattern indicates a 2D hexagonal lattice (fig 4.@hwi
the addition of hexanol. The lattice parameter of the herapphase was found to be 6.25
nm. An inverted hexagonal structure consisting of DNA cedeby a lipid monolayer, ar-
ranged on a 2D hexagonal lattice has been proposed in theteersy(fig 4.7). As discussed
above the addition of hexanol increases the flexibility &f biilayers. In addition, they also
reduce the charge density. Therefore, these experimdrgateations are consistent with the

LS — HS transitions predicted for highly flexible bilayers with laharge density.

4.4 CTAB-DNA-hexanol Complexes

We have studied the influence of hexanol on the structure &BEDNA complexes
using small angle x-ray ffraction. The hexanol concentratigr(=[hexanol][CTAB]) was
varied from 1 to 10, keeping the concentration of CTAB fixed@mM. All the complexes
were found to be birefringent under a polarizing microscapespective of the hexanol and
DNA concentrations. The experimental results on CTAB-Dh&¥%anol complexes may be

summarized in the phase diagram (fig 4.8). This gives thectsire of the complexes at
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Figure 4.8: Partial phase diagram of the system showingitferent structures obtained as a
function of hexanol and DNA concentrations= [hexanol][CTAB], p = (wt. of CTAB)/(wt.

of DNA). hol denotes the hexanol rich phase coexisting vith¢omplex. The locations of
the diferent phase boundaries have not been precisely determined.
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Figure 4.9: Difraction patterns of the CTAB-hexanol-DNA complexgs.andp for the
different curves are: 3.5, 36 (a) 3.5, 1 (b); 5, 36 (c); 5 ,14d)=1.12. CTAB concentration
in the aqueous solution was 10 mM. The arrows on curves (c)(d@nthdicate in-plane
DNA-DNA correlation peak.

different hexanol and DNA concentrations. Note fhahdp correspond to the total concen-

trations of hexanol and DNA in the solution and not in the cem@lone. The boundaries

between the dierent structures have not been determined very accurately.
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Figure 4.10: Difraction patterns of the CTAB-hexanol-DNA complexgs8 andp for the
different curves are: 36 (a); 7.2 (b); 1.8 (¢); 1.2 (d); 1.01 (&;(D; pi=1.12.

The x-ray ditraction data at low hexanol concentration (fig 4.9a,b) retheae peaks in
the small angle region, whose g values are in the rat82. Hence they could be indexed
as the (1,0),(1,1) and (2,0) reflections of a 2-D hexagontatéa This phase was observed
up top=3.5. The lattice parameter of the hexagonal phase decrizase5.64 nm aB = 0 to
5.50 nm ap = 3.5 forp = 36. At a higher DNA concentrationy€ 1), the lattice parameter

decreases to 5.23 nm from 5.5 nnpBat3.5 .

At B ~ 5, diffraction pattern consists of two peaks in the small angle@regorresponding
to a lamellar structure (fig 4.9c,d). Aftlise peak whose position depends significantly on
the DNA concentration near the isoelectric point is alseeoled indicated by an arrow in the
diffraction patterns. Similar observations have been made ABEIHN-DNA complexes
(chapter 3) and cationic lipid-DNA complexes [16] where ateicalated lamellar structure
has been proposed consisting of DNA strands sandwichecebattine bilayers. The peak
whose position depends on DNA concentration arises dueet@direlation between the
DNA strands in the plane of the bilayers and gives the aved&iancedpna between adja-
cent DNA strands. Ab > pis, dpna increases from 3.32 nm At= 5 to 3.65 nm aB =8 (fig

4.10). The structure of the complex remains lamellar yp t08.5 (table 4.1).
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Figure 4.11: Dffraction patterns of the CTAB-hexanol-DNA complex¢gs= 9 andp for
the diferent curves are: 36 (a); 1 (b) 0.9 (p)so=1.12. The peaks at=8.85 and 4.4m
correspond to the (2,1) and (3,0) reflections from the 2-Dageral lattice.

At B = 8.5, another phase is observeg at 36. The morphology of the complex changes
at this hexanol concentration and it precipitates out oftipgeous solution. One strong peak
and two weak reflections are observed in th&dction pattern g8 ~ 9 (fig 4.11a ). The
scattering vectors, q are in the ratio/Z:3. These reflections can be indexed as the (1,0),
(2,1) and (3,0) reflections from a 2D hexagonal lattice. Ocrefgsingo, a transition to a
lamellar phase is observed closegg, and the peak positions indicated by an arrow (fig

4.11b,c) shift from 3.6 nmte 2.7 nm.

At B = 10, the surfactant solution phase separates to form sanfagth and hexanol
rich phases. On adding DNA to the CTAB-hexanol solutiog at10, the complex obtained
coexists with a hexanol rich phase. X-rayfdiction indicates a lamellar structure for the
complex ato = 36 (fig 4.12a). A DNA-DNA peak is observed at 3.7 nm which isifam
to that observed at lower values @f However, further decrease jnleads to the gradual
disappearance of the hexanol rich phase (hol) anpd=atl, a hexagonal phase is observed
(fig 4.12b). On increasing DNA concentration much beyondgbelectric point a lamellar
structure reappears (fig 4.12c) withdgya of 2.96 nm. This transition occurs in a narrow

range of 1> p > 0.5. Such transformations of the structure, driven by DNA @miation

87



Intensity(arbitrary units)

T

55 6.5

AL
wn

0.5 15 25 35
q (nm_l)

Figure 4.12: Ditfraction patterns of the CTAB-hexanol-DNA complexgsandp for the
different curves are: 10, 36 (a); 10, 1 (b); 10, 0.56x)=1.12.
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Figure 4.13: Ditraction patterns of the CTAB-SHN-hexanol-DNA complexas= 0.7; 8
andp for the different curves are: 3, 36 (a); 4, 36 (b) 5, 36 (6%=3.74.

have not been reported in the literature.

4.5 CTAB-SHN-hexanol-DNA Complexes

As discussed in chapter 3, CTAB-SHN-DNA complexes have ael@am phase at
[SHN]/[CTAB] ~ 0.6 . We have studied the influence of hexanol on these coeplékhe
diffraction pattern of CTAB-SHN-hexanol-DNA complexes revisaee peaks in the small

angle region with the scattering vectors in the ratio, 1({#34.13). Hence up t@ ~ 5,

88



Table 4.1: The d-spacings, structure and lattice parasyete€C TAB-hexanol-DNA com-
plexes at dierent values ofr andp. a andd denote the lattice parameters of the hexagonal
and lamellar phases respectively, = 1.12.

B |p di(nm) | do(nm) | d3(hm) | dpna(nm) | phase| a, d(nm)
0 [36 [488 [282 [244 |- H° |5.64
0 |1 [488 [282 [244 |- H° |5.64
35[36 [476 |279 |238 |- H° | 5.50
35[1 [453 |264 |227 |- HE |5.23
5 [36 [487 [243 |- 3.32 LS 4.87
5 |1 465 |- - 3.23 LS 4.65
6 |36 |476 |- - - LS 4.76
8 |36 |47 - - 3.65 LS 4.70
8 |72 [470 |- - 3.52 LS |4.70
8 |36 [476 |- - 3.61 LS 4.76
8 (18 [470 |- - 3.61 LS 4.70
8 [12 [47 - - 3.61 LS 4.70
8 [1.03]4.7 - - 3.52 LS 4.70
8 |09 |459 |- - 2.93 LS 4.59
85|36 | 435 |1.64 HY |5.01
8.5 0.85| 4.61 3.01 LS 4.61
9 |36 [434 |162 |- - H- |5.01
9 |72 [436 |164 |- - H- |5.03
9 |1 449 |- - -
9 |09 [459 |- - 2.96 LS 4.59
10 [36 [4.60 [230 |- 3.7 LS 4.60
101 [417 [158 |- - HS | 4.82
10 [ 0.47] 45 2.97 LS |45

g b
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Figure 4.14: Ditraction patterns of the CTAB-SHN-hexanol-DNA complexas= 0.7; 8
andp for the diferent curves are: 6, 36 (a); 7, 36 (b); 8, 36 (c); 9, 364d);= 3.74.
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Figure 4.15: Difraction patterns of the CTAB-SHN-hexanol-DNA complexes0.7;5 and

p for the different curves are: 10, 36 (a); 10, 1 (b) 12, 0.5 6¢)=3.74.

the structure of the complex remains lamellar. Also, thedatparameter decreases with
increase in hexanol concentration (table 4.2). Phase amaioccurs in the CTAB-SHN-
hexanol solution g8 ~ 6 with the appearance of a hexanol rich phase3 A, the complex
coexists with a hexanol-rich phase. However the complexanesnamellar up t@ = 9 (fig
4.14). AtB = 10, the complex shows a lamellar phase at low DNA concentratffig 4.15
a, b).

At B ~ 10, the morphology of the complex changes at high DNA comaéoh. It no
longer remains dispersed in the aqueous solution but praip out of it. Further the hex-
anol rich phase disappears. Similar behaviour was alsoradats ~ 12. One strong
reflection and a weak reflection were observed in tifieadition pattern of this complex (fig
4.15c), with the scattering vectors in the ratioyZ: These could be indexed as the (1,0) and
(2,1) peaks of a 2D hexagonal lattice. The d-spacingscéatiarameters and structures of

the complexes at various SHN, hexanol and DNA concentraiioa given below (table 4.2).
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Table 4.2: The d-spacings,structure and lattice paraseteCTAB-SHN-Hexanol-DNA
complexes at dierent values g8 andp.

B |p di(nm) | do(nm) | d3(nm) | dpna(nm) | phase| a, d(nm)
0 | 144|554 [277 |18 |- LS 5.54
0 |3 554 [277 |185 |- LS 5.54
1 [3 [532 |- - - LS 5.23
3 /36 [519 |- - - LS 5.19
4 [36 [506 |- - - LS 5.06
5 |36 [493 |247 |- 3.55 LS 4.93
6 [36 |499 |250 |1.66 |3.71 LS 4.99
7 |36 [506 [253 |[1.69 |3.93 LS 5.06
8 [36 |470 |235 |- - LS 4.70
9 [36 |487 [|243 |- - LS 4.87
1036 [493 [247 [164 |[3.32 LS 4.93
101 4.6 - -

12|05 [450 [168 |- - HS [5.20

4.6 Discussion

In the absence of hexanol, CTAB-DNA complexes form an irglatted hexagonal phase (fig
4.16) as discussed in chapter 3. Hence the hexagonal sewattiow hexanol concentrations
can be expected to be the same. The decrease in the lattzcegtars of the hexagonal phase
on increasing is a consequence of the thinning of micellar cylinders ingresence of hex-
anol. One can estimate the D)}¢Airfactant ratio in théi® phase from the geometry. Each
unit cell of the 2D hexagonal lattice, contains one miceti@dmder and two DNA strands.
The ratio of weight of CTAB to the weight of DNA, is given by

pc = Amps f/(200Ap)

whereA, is the area of the micellar cylindess the density of the surfactant,the weight
fraction of CTAB in the micelleAp the average area occupied by the DNA agdhe den-
sity of DNA.

From the lattice parameter of the hexagonal phase and the radius of the hydrated DNA
strandRp ~ 1.25 nm, we can estimate the area of the micellar cylindesrgby

An = m(a— v3Rp)?/3

If ¢, and ¢, are the volume fractions of CTAB and hexanol molecules respy in the
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Figure 4.16: The intercalated hexagonal pha$g)(where each DNA strand is surrounded
by three cylindrical micelles.

surfactant solutiory; andp, the density of CTAB and hexanol, theg = ¢101 + ¢202

The average area of DNAAp [= molar volumé(Na. contour length)l~ 1.86nm? . The
density of DNApp is 1.7 gcc and the weight fraction of CTAB in the micelfeis 0.51 aiB
=3.5. This giveps=0.9.

In the absence of hexanal = 3.98. Since;,,=1.1, this implies that these complexes are
overcharged with excess CTAB. This is a consequence of tlth smaller area of the CTAB
head group compared to thffextive area per charge of the DNA. The system would, there-
fore, tend to incorporate more DNA in the complex in orderdhiave better neutralization.
However, this can only be done by making the CTAB micellesribi. The observation that
the lattice parameter of these complexes do not change WitA €pncentration indicates

that such deformations are prevented by the rigidity oféhmagcelles.

pe = 1.67 atB = 3.5, which is still larger thapis. Interestingly, in this case the lattice
parameter is found to decrease with DNA concentratiorpfer1.67, indicating uptake of
more DNA by thinning the cylindrical micelles. The incorption of hexanol in the micelles

seems to make them more flexible and susceptible to suchndations.
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Figure 4.17: Schematic diagram of lamellar phdsg 6f DNA-surfactant complexes,where
the DNA strands (denoted by shaded circles) are sandwiattgebbn surfactant bilayers.

The dffraction pattern of the lamellar phase observegl-ab, indicates that the structure
is similar to the intercalated lamellar pha&), discussed in chapter 3 (fig 4.17) [16]. The
lattice parameter of 4.9 nm observedpat 36, is consistent with a CTAB-hexanol bilayer
of thickness 2.4 nm and a hydrated DNA of diameter 2.5 nm. dweahse in the lamellar
periodicity to~ 4.7 nm, atB8 = 8, indicates that the addition of hexanol leads to the thin-
ning of bilayers. The increase in DNA-DNA separation by hedrnm on varying3 from
5 to 8 at low DNA concentrationg (= 36), is probably a consequence of a decrease in the
charge density of the bilayers when it incorporates morahelk As discussed in section
3.2, addition of hexanol to CTAB-water system leads to aditeon from a hexagonal to a
lamellar phase. The transition frorf to LS on increasing the hexanol concentration is thus
consistent with the phase behaviour of the surfactantiveytstem. The sharp decrease in
dpna, Nearpis, Observed aB ~ 8 is similar to the behaviour observed in lipid-DNA com-
plexes. Here belows,, the complex get overcharged with excess DNA due to the highe

free energy of the uncomplexed DNA in solution [17].
The dffraction pattern (fig 4.11a) and the morphology of the compidicates that the
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hexagonal phase observedBat 8.5, is diferent from that observed at lower valuesgof
An inverted hexagonal phase can be proposed for the comphexlattice parameter of 5.05
nm is consistent with a CTAB-hexanol bilayer of thicknes2.5 nm and the diameter of a
hydrated DNA~ 2.5 nm. A similar structure has been observed in lipid-DNAptexes in
the presence of hexanol [1], where DNA strands are confintdttktaqueous cores of inverted
cylindrical micelles (fig 4.7). ThisH) structure is consistent with the hydrophobic nature
of the complex and is further supported by a simple analyfdiseodiffraction data. The ab-
sence of the (1 1) and (2 0) reflections in th&rdiction patterns of the complex indicates that
the form factor of the electron rich cylindrical core has eoze between the corresponding
values of g. Taking the electron density of the core to beanmif this condition gives the
radius of the core to be about 1.3 nm, which is very close tbdha hydrated DNA £ 1.25

nm).

The occurrance of the; — H¥ transition on increasing the hexanol concentration may
be qualitatively understood as follows. In the invertedgghdhe neutralization of the base
pairs by the surfactant counter ions is mofigceent due to their enhanced proximity in this
geometry. Hence formation of an inverted phase results mimig the electrostatic contri-
bution to the free energy. However the accompanying enengy for bending the bilayer
around the DNA is given bgk (C - C,)?. Cis the curvature of the DNA cylinder ai@j the
spontaneous curvature of the surfactant-water interfibe.presence of hexanol is known
to lower x and hence decreases the energy cost for bending the bil@}erk has been
shown from theoretical computations th#ff phase is preferred over thé& phase in lipids
with very flexible bilayers at low charge density [14]. Thegence of hexanol decreases the
charge density of the bilayers as well as increases theibiliéx and hence satisfies both
these conditions. Further, as hexanol is not confined toipitWater interface, it can oc-
cupy the interstitial regions in the structure where the three inverted cylindrical micelles
meet. This reduces the frustration of the chains of the apinilei that would have had to

stretch in order to occupy these regions. Thus the presdritexanol further stabilizes the
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HS phase.

The dffraction pattern as well as the morphology of the complexésiogd at higher
DNA concentration whep = 9 indicates that they form an intercalated lamellar stnectu
The reason for the transition frorS to LS structure on increasing DNA concentration ob-
served here, is most likely the denser packing of DNA in tmedbar phase. The distance
between two adjacent DNA is fixed at the lattice paramatén the inverted phase. On the
other hand, no such restriction exists in ttﬁestructure, andlpna can change significantly
across the isoelectric point. The amount of DNA which canfm®iporated into lamellar
phase as compared to the inverted hexagonal phase, canrbatedtfrom the geometry of
the two structures. For the inverted hexagonal phase, wéndy
P& =ps As T4/ po Ao.

where the superscript 1 denotes tie structure.

Similarly for the lamellar complex it is given by
ps = p3 A % pp Ap.

where the superscript 2 denotes tljestructure.

If we consider the two structures at similar surfactant cosion,
ps Tt =p5 12,
pe lps = AYA
SinceAl = (v/3a%-27R2)/2 andAZ, estimated from the bilayer thicknesand the separation

between the DNA strandya, is given byA2 = dpya 6.

The ratio,pf /ot = (v3a2 — 27R2)/(26dpna). Putting & 5.0 nm,Rp = 1.25 nm, and=
2.2 nm, this ratio turns out to be 7dpna. Hence the lamellar complex can accommodate
more DNA than theHﬁ structure as long adpna < 7.5 nm. In the lamellar complexes ob-

tained for low hexanol concentratiordpna is 3.5 nm even at low hexanol concentrations.

95



Thus it is clear that more DNA can be accommodated irLfhphase as compared tf;.

Though at low DNA concentrations, tHeS phase is stabilized by theffieient neu-
tralization of DNA, it becomes unstable in the presence @kss uncomplexed DNA and
transforms td.. The fact that theHS — LS transition is observed at a value @Elightly
greater tham;s, supports the proposed mechanism. Such transformatiohg strtucture of

the complexes, driven by DNA concentrations have not begorted in the literature.

The DNA concentration at théelG to LS transition should correspond to the maxi-
mum amount of DNA that can be incorporated in the former stmec As discussed ear-
lier, it can be estimated from the geometry of the system angivien byp. = (v/3a2 —
27R%)psf /(2Appp). At B =9, p. is found to be 1.3. This is close to the experimental value

of ~ 1.0, thus once again confirming the above mechanism.

The formation of a lamellar complex At= 10 for highp with dpya comparable to the
values at lowep and highp, indicates that the hexanol concentration in the surféetah
phase is less than that in the solution just before phaseatepa The gradual disappear-
ance of the hexanol rich phase on increasing the DNA coragmtrindicates that hexanol
content in the complex increases. This leads to an increatbe iflexibility and a decrease
in charge density of the bilayer and the structure transédot . TheHS — LS transition
at higher DNA concentration as before is driven by the depaeking of DNA in the latter
phase. The observaldya of 2.9 nm is consistent with this. The narrow range of 8,5<1

over which the transition occurs agrees with the estimaged1.0.

Similar phase transitions have been theoretically predi¢or soft bilayers£ = 0) at
intermediate charge densities [14]. Here the charge deoisibe bilayers are varied using a
mixture of the cationic and neutral lipids. Since both tlpeds remain near the lipid-water

interface, from the lipid composition and the head group aifehe lipids, the charge density
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of the bilayers at each composition can be estimated. Su@stamation cannot be made
in our system since the hexanol does not remain confined atutti@ctant-water interface.
Hence the phase diagram obtained for the CTAB-hexanol-DdiAgiexes cannot be quan-
titatively compared with the calculated phase diagramgadd{DNA complexes. However

our experimental observations qualitatively agree withttieoretical prediction dfiG — LS

transition in flexible bilayers at low charge densities atr@asing the DNA concentration.

In the CTAB-SHN-hexanol-DNA complexes, the structure reradamellar for all hex-
anol concentrations, at high valuesofThe decrease in the lattice parameters on increasing
B, observed before the phase separation occurs in the sanfalution, is consistent with
the thinning of bilayers in the presence of hexanol. Sintibethe lipid-DNA complexes, a
transition fromLS — HS is also observed in these complexes at higiihe absence of (1,1)
and (2,0) reflections and the presence of a weak (2,1) reftectinfirms the inverted phase.
Though a detailed study of the system has not been carriedheuphase behaviour of this
system can be expected to be similar to that of CTAB-hex&ibh complexes, except for
the occurrance of the intercalated hexagonal structur@sahkxanol concentrations in the

latter system.

4.7 Conclusion

We have studied the influence of hexanol on the structureroptexes of CTAB formed
with ds DNA. At low DNA concentrations, the complexes exhibH~ — LS — HS tran-
sition on varying the hexanol concentration. These tramstare in accordance with the
known influence of hexanol on the structure and propertieST#B aggregates. A novel
H; — LS transformation is observed as a function of DNA concertratit high hexanol

content, which may be understood in terms of the mdiieient packing of DNA in the.S
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structure. A partial phase diagram of this system has besstie@ted, which shows the
different structures exhibited by these complexes. We havetided the influence of hex-
anol on the structure of CTAB-SHN-DNA complexes. The phaseaviour of the system is
found to be similar to the CTAB-DNA complexes, but for the ogance of the intercalated

hexagonal phase at low hexanol concentration in the forgstes.
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