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Nanostructures of complexes of DNA with single-chain surfactant of octadecyltrimethylammonium (OTA) and
double-chain surfactant of didodecyldimethylammonium (DDA) in aqueous NaCl solution at concenttation,
from 0 to 500 mM were studied using small-angle-scattering techniques (SAXS). SAXS profiles of the DNA
OTA complex show two SAXS peaks with a spacing ratio of£:8 the solution aCs below 150 mM and three
peaks with a spacing ratio of #3412 at Cs above 250 mM. Contents of Naand CI ions in the complexes
evaluated from the atomic absorbance for'Nend the potentiometry for Clrevealed charge molar ratios of
OTA/DNA = 1 and DDA/DNA = 1.25. Contents of Naand CI ions per ionic unit of DNA molecule in the
DNA—OTA complex equilibrating with the solution &s below 100 mM were much less than 0.1, while they
increased with NaCl concentration @ above 200 mM. The DNAOTA complex in the solution aEs above

260 mM exhibited an endothermic peak in the DSC measurements, and the others did not. On the basis of the
experimental results, the salt concentration dependent nanostructures are discussed.

1. Introduction The electrostatic interaction between the ionized flexible
) ) . . polymer and the surfactant molecules plays an essential role in
_The gene carrier mechanism and the efficient transfection 10 ¢onsrycting the nanostructures of the polyelctrolyte surfactant
blologllcal cells remain a fascinating challenge for the near .,mplex molecules (PSC), in which the surfactant micelles are
future.” The mechanism to induce the more compact state of ¢oncentrated in the vicinity of polyelectrolyte chain and form
colossal genomic DNA molecules within the small confines of the liquid crystal structure. We have demonstrated that an
the cell nucleus, the bacterial cytoplasm, and viral capsid is a 4gition of salt molecules to the PSC increases the lattice
key subject to be investigated. The biologically relevant DNA spacing to induce the ordedisorder transition at the salt

condensing agents are cationic prote?ng (e.g., histong) andconcentration about a few hundred millimotarThe highly
_rpr:JItlvlalept ptoltyar.nltnes ?uchba? sperm@lmg agﬂ:perjﬂﬁel.t. flexible chains of vinyl polymers can be distributed according
€ electrostatic Interaction between anionic DINA and multi-- 4, yhe intricate crystal structures of surfactant micelfed? but
valent cationic entities plays an important role in inducing the the rigid chain such as DNA cannot. Due to the constrained
compact state of DNA. The multivalent micelles .compos.e(.:i .Of force of DNA, the cubic crystal is rarely found in the structures
the cationic surfactant molecules concentrated in the vicinity of the double-stranded DNAsurfactant complexes. The SAXS

of the DNA molecule are also able to pack DNA in an ordered fil h istic of th h 'h
manner to form crystallized structures such as 2D hexagonalpro lles characteristic of the 2.D exagonal have been observed
for the complexes of DNA with the single-chain surfacttnt.

and lamella, which can be determined from the characteristic The 2D hexagonal structure has been explained by two
peaks in the small-angle X-ray scattering (SAXS) profidhe exag plaine y
controversial models, hexagonal arrays of rod micelles and

2D hexagonal structure for complexes of DNA with cetyltri- 15 .
methylammonium bromide has been confirmed on the basis of Snli\::éllegn;sasﬁce)\)/(vigi(r)lnslg]%rrf{ O'frr?é\lg,:)l(”sr%liggéz 2¥;2?Jilrr:1\gelgsre
he first two diffraction ks with ing ratio of ¥23 A ' A

the first two diffraction peaks with a spacing ratio of 13 complex of DNA and surfactant molecule have exhibited two

multilamellar structure was found in complexes formed by DNA ) - . / )
with a double-chained surfactant of dioctadecyldimethylammo- peaks with a spacing _r a_tlo of £13 although the SAXS profiles
of the complex containing excess surfactant have shown three

nium bromide? The SAXS profiles obtained by Safinya et al. . . . ALl 6 . .
for the DNA complexes with the mixture of ionic and neutral peaks with a spacing ratio of £:84'2° The present investiga-

double-chained surfactant have revealed that the lattice spacingdion i @imed at clarifying roles that the electrostatic interaction
of DNA molecules in the complexes depend on the ratio of the Plays in forming the structures indicated by the discrepant
surfactant&and the salt concentratidflt has been found that ~ Profiles mentioned above. The SAXS profiles of the complexes
the lattice spacing of the surfactant bilayer and DNA molecule ©f DNA with the double-chain surfactafis'®®have been
increases with an increase of the neutral surfactant in the mixtureldentified as multilamellar structures with alternating bilayers
and/or an increase of the salt concentration. The increase of2nd DNA monola_yerS. The lattice spacings of surfactant lamellar
the neutral surfactant decreases the net charge density of thénd DNA sandwiched between lamella layers have been found
bilayer, and the salt shields and weakens the electrostatict® Strongly depend on a molar ratio of the surfactant to DNA,
interaction between DNA and the bilayer. The electrostatic & charge density of the surfactant bilayer, and the salt concentra-
interaction among ionic entities plays very important roles in tion.1° Our interests here are how the electrostatic interaction

the architecture of the DNAsurfactant complexes. works in constructing the lamellar structures. In the present
investigation, the SAXS profiles were obtained for the com-
* s-sskscc@mbox.nc.kyushu-u.ac.jp. plexes of DNA with single-chain surfactant of octadecyltrim-
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Nanostructures of DNA—Surfactant Complexes

Figure 1. Schematic model of 2D hexagonal DNA-inverted surfactant
complex.

ethylammonium (OTA) and double-chain surfactant of didode-
cyldimethylammonium (DDA) in the aqueous NacCl solution at
concentrationCs, from 0 to 500 mM. In the SAXS profiles for
the DNA—OTA complex, two peaks with a spacing ratio of
1:3Y2were observed ds below 150 mM and three peaks with
a spacing ratio of 1242 were observed s above 250 mM.
The contents of Na and CI ions in the complexes were
evaluated by using the atomic absorbance technique fdr Na
and the potentiometry for Cl A difference between Naand
Cl~ contents in the DNAOTA complex was very small,
although a molar ratio of the excess amount of @Ver Na

per ionic unit of DNA molecule in the DNADDA complex
was more than 0.25. Molar ratios of Nand CI ions to an
ionic unit of DNA molecule in the DNA-OTA complex in the
solution atCs below 100 mM were much less than 0.1, while
they increased witlCs at Cs above 200 mM. The DNAOTA
complex in the solution aCs above 260 mM exhibited an

endothermic peak in the DSC measurements, and the others di
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DDAC was obtained by ion-exchanging the didodecyldimethylam-
monium bromide (DDAB) with HCI. DNA from salmon testes was
purchased from Sigma and used without further purification. All the
chemicals were of reagent grade.

2.2. Small-Angle X-ray Scattering.The SAXS measurements for
the complex equilibrating with the NaCl solution were made with a
SAXS spectrometer of BL45XU installed at SPring8 of Japan Syn-
chrotron Radiation Research Institute, Hyogo, Japan. The scattering
vectors,q = (4x/A)sin 6/2, wherel was a wavelength of the bearh (
= 0.09 nm) and a scattering angled(= 0.08-5°), ranged from 0.1
to 6 nnTL. The temperature dependence of SAXS profiles was obtained
with controlling temperature within 0.1C.

2.3. Quantitative Analysis of Na, Cl~, and DNA in the Complex.

The concentration of DNA diffused into the NaCl solution from the
complex, [DNAY], was determined from the optical density at 260
nm (€ = 6.17 x 10° mol™ cn?) measured by an UV spectrometer
(Ubest-50, Jasco). A diffusing amount of DNA from the complex to
the solution phase was evaluated from a value of [P#J/As described
later.

The amounts of Naand CI in the complex were obtained as
follows. A part of the complex equilibrating with the NaCl solution
was filtered out, weighedw{Z2.(CJ) and then immersed into a
given volume of 20% b, solution, Vi,0, (typically 30 mL), to be
oxidized and decomposed at 8. The decomposition in the
suspension was judged from the loss of turbidity. It took two weeks at
most to decompose the organic entities of complex in the oxidative
solution. The concentration of Clwas measured with the chloride
selectivity electrode (9617B, Thermo Orion Inc., U.S.A)), and the
concentration of Nawas measured with atomic adsorption (AA-625-
11, Simadzu, Japan) at a wavelength 589 nm. Calibrations of the
chloride selectivity electrode were carried out for the aqueous NaCl
solutions containing 10% #D,, since the HO, content in the
decomposed solution was estimated to be between 10% and 20% from
the contents of organic entities. It should be mentioned that the
difference between the calibration curves for the solutions containing
10% and 20% KO, was negligibly small. The electric potentials
obtained for the KD, solutions were, however, about 10% higher than
those for the ordinary solutions. The molar amounts of Bliad CI in
the decomposed compledy,. and Ng-were obtained from the

oncentrations of Naand CI in the decomposed solutions, [Nand
CI7] by using the relationdly,; = [Na*] x Vi,0, andNg_= [CI7] x

not. On the basis Qf the experimental results descrlbeq above,VHzoz_ The molar ratio of the surfactant to an ionic unit of DNA in the
the salt concentration dependent nanostructures are discussedhied complex,p (= N acarfNowa; Noyacan@nd Noya are molar
! - urfactal ! surfactan

2. Experimental Section

2.1. Materials. The DNA—OTA or DNA—DDA complexes were
prepared by mixing equal amounts (typically 20 mL) of 30 mM
(phosphate group unit) DNA solution and 30 mM octadecyltrimethyl-
ammonium chloride (OTAC) or 30 mM didodecyldimethylammonium

chloride (DDAC) solution. The complex formed as the white aggregate wherew?”

S
amounts of the surfactant and the ionic group of DNA in the dried

complex) can be obtained from the molar amount of @lthe dried

complex,Nocl,, using the relation

0
NCI*(Msurfactant—i_

35.5)]+ 1 (1)

p= (308'5+ Msurfactar*)NgI*/[ C(r)mplex_

complexis a weight of the dried complex. HerMsuractantiS @

after shaking for 24 h at a room temperature were filtered, rinsed molecular weight of the surfactaritlora = 312.6 andMlppa = 400),

thoroughly with water (more than 500 mL), dried in a vacuum, and

and a molecular weight of an ionic unit of DNA is assumed to be 308.5.

stored. It should be mentioned that surfactant concentrations muchit should be noted that the contents of'Nan in the dried complexes

higher than cmc (0.3 mM for OTAE and 0.2 mM for DDAG?) are

of DNA—OTA and DNA—-DDA are assumed to be null in eq 1. This

not needed to form the complex of surfactants with DNA. The surfactant was experimentally confirmed as shown in section 3.2. The values of
molecules are concentrated to form micelles near a DNA molecule and p obtained for the DNA-OTA and DNA-DDA complexes, respec-

complex with DNA because of the strong electrostatic attraction
between them. A given weight of the dried compl@smpiex (typically

0.1 g) was immersed in a given volume of the aqueous NaCl solution,

Vnaci (typically 50 mL).

tively, were 1.00+ 0.06 and 1.25t 0.06. The molar amounts of Na
and CI" in the complexNna+ andNci-, were given byNna" = Ny 7
andNc- = N, 7 wheren = Weompie{308.5+ Msurtactand ) [( Woiazef Co)
— 23N~ 35.0N¢-)(308.5+ M- actane™ 35-50 — 1))]. The molar

The suspension containing the complex was shaken thoroughly for amount of ionic unit of DNA in the complex equilibrating with the

more than a week to equilibrate with the NaCl solution. The SAXS

experiments were carried out for the complexes suspended in the

NaCl solution,Npna, Was obtained from the following relation:

aqueous solutions. To increase the mole ratio of the surfactant to DNA N, , = Wcomplel{ 308.5+ My gactanp + 35.50 — 1)} —

in the DNA—OTA complex for the SAXS experiment, a given amount
of OTAC was added to the suspension.

DNA®Y x V, 2
[ t] NaCl ( )CDV
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Figure 2. SAXS profiles of DNA—OTA complex in the aqueous NacCl
solutions (a) and salt concentration dependence of the lattice
constants (d), and the parameter of disorder, (A/d) obtained from the
first peak of SAXS profiles (b). (a) Peaks with the spacing ratios of
1:3Y2 and 1:3V2:2, respectively, are observed in the profiles of the
complex at Cs below 150 mM and above 250 mM. (b) The closed
and opened symbols, respectively, are the lattice spacing and the
parameter of disorder. Three regions A, B, and C partitioned by two
vertical dotted lines are the defect hexagonal, transition, and ordinary
hexagonal regimes.

2.4. Differential Scanning Calorimetry. The differential scanning
calorimetry, DSC, measurements were carried out with a DSC 120
calorimeter (Seiko Inc., Japan) at a heating rate of°@Anin. The
complex equilibrating with the NaCl solution was taken out and weighed
(Wommnie) after wiping out the water attached to the complex. The
complex was put into an aluminum pan together with about5@f
the NaCl solution for the DSC measurement. The transition enthalpy
per 1 g complexAHmeasure Was obtained from an integration area of
the DSC curve andiogme, The transition enthalpy per 1 mol
surfactant,AH, was obtained from thAHmeasureUsing the following
relation:

AH = AH

Xy X M 3

measure surfactant

wherey is given by

%= (Npna T Ngio — Nyg)/[308.8Npna + 23Ny, +
35'5\ICI- + Msurfactan(NDNA + NCI- - NNa+)](3 - a)

3. Results

3.1. Nanostructures of the Complexedrigure 2 shows the
SAXS profiles and the lattice spacing of the DNATA

complexes in the solutions at salt concentrations from 0 to 500 ratio of the peak afj = q; to the sum of peak intensities qt

Kawashima et al.

Intensity / arb. unit

Figure 3. SAXS profiles of DNA—OTA complex in the solutions at
Cs = 200, 220, and 240 mM. The profiles can be decomposed to
two Gaussian curves represented by the broken and dotted lines.
The solid lines represent the curves best fitted to the data.

mM. The values of lattice spacind, shown in Figure 2b are
obtained from the relatiod = 2n/q;, whereq; is ag-value of
the first peak (a peak at the lowaptshown in Figure 2a. The
complexes in the solutions at salt concentrati@shelow 150
mM emerge as two broad peaks with a ratio of%3vhile the
complex in the solution a€s above 250 mM emerges as three
peaks with a ratio of 122 as shown in Figure 2a. The
scattering intensity of thigh peak,li(q), can be approximately
described by the Gaussian function as follows:

2A —2@-q)°
ex >
WV /2 W,

I
whereq;, wi, A, andljo, respectively, are a scattering vector of
theith peak, the half-width 0§, the integrated intensity, and
the background. They value can be a measure of the degree
of disorder of the scattering plane. The structural parameter of

disorderAi/d, defined asAi/d = y/w.d/z® 1 is estimated and
shown in Figure 2b. There exist thr€regimes characterized

by the nanostructures of DNAOTA complexes. The regimes
will be denoted as a defect hexagonal regim€abelow 200

mM, an ordinary hexagonal regime @t above 260 mM, and

a transition regime a€s between 200 and 260 mM. The two
peaks with the spacing ratio #3are observed in the defect
hexagonal regime, while three peaks with the spacing rati¢?1:3

2 are in the ordinary hexagonal regime. The lattice spading
increases withCs in both the defect and ordinary hexagonal
regimes as shown in Figure 2b. This indicates that the
compaction of DNA is loosened with an increaseCg The
structural parameter of disordat/d in the ordinary hexagonal
regime decreases with the increaseCgfbut it is invariant in

the defect hexagonal regime. This suggests that the domain size
of ordered structures in the complex increases with the increase
of Csin the ordinary hexagonal regime and that the addition of
salt induces no change of the domain size fluctuation of ordered
structures in the defect hexagonal regime. The transition regime
is the region in which two types of structures coexist. The main
SAXS peaks emerging from the complexe<Cat= 200, 220,

and 240 mM shown in Figure 2a can be regarded as a sum of
two peaks. The decomposition is successfully made by best
fitting the functionl1(q) = lip + Yi=1.2 2AW 712 exp2(q

— )¥wi?] to the peaks as shown in Figure 3, and the obtained
parameters are tabulated in Table 1. It should be mentioned
that the values ofj; andqp, respectively, are very close to the
g-values of the first peaks & = 150 and 260 mM. An intensity

Ccbv

li(@ =1ip + (4)
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Figure 4. SAXS profiles of DNA—DDA complex in aqueous NacCl
solutions (a) and NaCl concentration dependence of the lattice
constants (d), and the parameter of disorder, (A/d) obtained from the
first peak of SAXS profiles (b). (a) Broad peaks with a spacing ratio
of 1:2 as denoted by 1 and 2 are scattered from the multilamellar
lattice of surfactant bilayers. The peaks indicated by arrows are
scattered from the ordered array of DNA between the surfactant
bilayers. (b) Closed squares and open squares, respectively, are dbpa
and A/d obtained from the first peak of the SAXS profiles. Closed
circles and open circles represent the spacing of DNA, dbna, and A/d
obtained from the peak assigned to the DNA—DNA spacing in SAXS
profiles. Three regions A, B, and C partitioned by two vertical dotted
lines are the undulated lamella, transition lamella, and ordinary lamella
regimes.

Table 1. Fitting Results? of Salt Concentration Dependent Peak
Positions (g1, g2), Peak Widths (w4, w,), and Relative Intensity of
the First Peak [A1/(A1 + Ay)] for the Observed Profiles at Cs from
150 to 260 mM

Cs 150mM  200mM  220mM  240mM 260 mM
gi/nm~1 1.17 1.17 117 1.16
wi/nm~2 0.21 0.34 0.35 0.42
Go/nm~1t 1.29 1.29 1.30 1.30
we/nm—t 0.17 0.13 0.13 0.14
Ail(AL+ Ap) 1 0.88 0.74 0.52 0

2 The best fitting curves at the transition regime (Cs = 200—240 mM)
are shown in Figure 3.
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(a)

Figure 5. Possible schematic models of undulated multilamellar
structure (a) and ordinary flat lamellar structure (b).

emerged from the multilamella lattice of bilayers of DDA give
the lattice spacingj,, which can be estimated from the relation,
d. = 27/q;, whereq;, is a scattering vector of the first peak. A
weak peak observed between the peaks mentioned above is due
to the correlation length of DNA arraying between the lamellas,
dona = 27/0pna, Wheregona is a scattering vector of the peak
sandwiched in two lamella peaks. The measured valud_of
monotonically increases wit@s in the Cs range above 60 mM,
but it is invariant withCs at Cs below 60 mM as shown in Figure
4b. This indicates that the shielding effect of salt on the attraction
between DNA and the DDA bilayer is effective @ above 60
mM but not atCs below 60 mM. TheCs dependence aflpna
shown in Figure 4b can be classified into three regimeSpf
below 60 mM, between 60 and 150 mM, and above 150 mM.
The value ofdpna is substantially invariant witlCs in the first
regime, decreases withs in the second regime, and increases
with Cs in the third regime. This is different from th€s
dependence af.. The value ofipna is determined by the force
balance between the attraction between DNA and the DDA
bilayers and the repulsion between DNA molecules sandwiched
between the DDA bilayers. The subtle force balance inducing
the rather sophisticate@; dependence afpna Might be related

to the fluctuations of the structures that can be inferred from
the structural parameters of disorder. The structural parameters
of disorder Ai/d for the lamella and the DNA array are estimated
by fitting the function described by eq 4 to the peak. The
obtained results are plotted agai@stand shown in Figure 4b.

In the whole region ofZ, the A/dpna is substantially invariant
with Cs. The A/d. decreases witlCs in the second regime and
the third regime, while it is invariant witls in the first regime.
The structure in the first regime is inferred to be rather rigid
from the fact that the values df , dona, A/dL, andA/dpna are

= u and gz, AJ/(A1 + Ay) gradually decreases from 0.88 to
0.52 with an increase i€s from 200 to 240 mM as shown in  substantially invariant despite an increase of the shielding effect
Table 1. These facts indicate that the structure existing in the of salt molecules on the electrostatic interaction. The strong
complex atCs = 150 mM vanishes and that the other structure attraction between anionic DNA and cationic sheets bends to
existing in the complex a&s= 260 mM grows with the increase = make the sheets closer with each other at the@gwlrhe strong
of Cs in the transition regime. hydration of headgroups of DDA molecules repels the sheets
Figure 4a,b show th€s dependence of the SAXS profiles, at a DNA free regiotf and undulates lamella sheets as shown
the lattice spacing, and the parameter of disorder obtained forin Figure 5a. The first regime will be denoted an undulated
the DNA—DDA complex. The peaks with a spacing ratio 1:2 lamella regime. The decreaseAfd, with Csin the third regimeCDV
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Figure 6. Contents of Na™ and CI~ ions per ionic unit of DNA in the
DNA—-OTA complex as functions of the salt concentration. Two
regions A and B partitioned by a vertical dotted line are the defect
hexagonal and transition regimes.
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Figure 7. Salt concentration dependence of DNA amount diffusing
from the DNA—QOTA complex to the NaCl solution equilibrating with
the complex. Three regions A, B, and C partitioned by two vertical
dotted lines are the defect hexagonal, transition, and ordinary
hexagonal regimes.
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Figure 8. Salt concentration dependence of the Na™ and CI~ contents
per ionic unit of DNA in the DNA—DDA complex. Three regions A, B,
and C partitioned by two vertical dotted lines are the undulated
lamella, transition lamella, and ordinary lamella regimes.
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Figure 9. Salt concentration dependence of DNA amount diffusing
from the DNA—DDA complex to the NaCl solution equilibrating with
the complex. Three regions A, B, and C partitioned by two vertical
dotted lines are the undulated lamella, transition lamella, and ordinary
lamella regimes.

with Csin the defect hexagonal and ordinary hexagonal regimes,
but it is invariant withCs and relatively small in the transition
regime. The concentration of DNA in the solution phase

shown in Figure 4b suggests a less undulated structure ofequilibrating with the complex is considered a critical DNA
lamellar sheets. Accordingly, the third regime will be denoted concentration for the complexation of DNA with OTAC,
an ordinary lamella regime. The second regime between the CCCana_ota- The result shown in Figure 7 indicates that the

undulated lamella regime and the ordinary lamella regime will CC

be denoted a transition regime.

3.2. Quantities of Na", Cl-, and DNA in the DNA—
Surfactant Complex. Figure 6 shows quantity ratios of Na
and CI ions to an ionic unit of DNA in the DNAOTA
complex equilibrating with the NaCl solutiofya/Npna and
Nci-/Npna as functions ofCs. It should be mentioned that the
quantitative analysis of Naand CI ions of the complex in

Na_oTa iNCreases withCs in the defect hexagonal and

ordinary hexagonal regimes but is invariant with

Figure 8 shows ratios of Naand CI amounts to an ionic
unit of DNA in the DNA—-DDA complex equilibrated with the
NaCl solution,Nns/Npna and Ne~/Npnya as functions ofCs.
An excess amount of Clover Na" in the complex is more
than 0.25 per ionic unit of DNA of the complex. The composi-
tion ratio of DDA molecule to ionic unit of DNA molecule in

the ordinary hexagonal regime could not be made because ofthe complex is more than 1.25 judging from the electrical
soft and fragile properties of the complex in this regime. It is neutrality condition of the complex. Figure 8 shows that the
obvious from Figure 6 that the difference between amounts of amounts of N& and CI ions in the complex increase witbs

Na" and CI ions contained in the complex is null within

experimental error. One OTA molecule pairs to an ionic unit

of DNA molecule in the complex to satisfy the electrical

in the ordinary lamella regime.
A small amount of DNA molecules diffuse from the DNA
DDA complex into the NaCl solution phase. Figure 9 shows a

neutrality condition. Figure 6 also shows that the amounts of diffusing amount of DNA molecules from the complex to the

Na" and CI in the complex increase wit8s in the transition
regime.

A small amount of DNA molecules diffuses from the DNA
OTA complex into 50 mL of the NaCl solution that is
equilibrating with 0.1 g of the complex. Figure 7 shows an
amount of DNA molecules diffusing from the complex to the
NaCl solution, [DNNUI] X VNaCI/(NDNA + [DNAOUI] X VNaCI)
as a function ofCs. The diffusing amount of DNA increases

NaCl solution, ([DNAY] x Vyac)/(Nona + [DNAY] x Vac)

as a function ofCs. The diffusing amount of DNA is invariant
with Cs in the undulated lamella and transition regimes, but it
increases with an increase ©{in the ordinary lamella regime.
The critical DNA concentration for the complexation of DNA
with DDA, CCCB\A_ppa increases with the increase 6f in

the ordinary lamella regime, but is invariant withs and
relatively small in the undulated lamella and transition regirr&’eBV
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Figure 10. DSC curves of DNA—OTA complex equilibrating with the
NaCl solution (thick lines) and OTAC solution (thin lines) at Cs = 260
mM (solid lines) and 300 mM (dotted lines).
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Figure 11. Possible schematic models of ordinary 2D hexagonal
structure (a) and defect 2D hexagonal structure (b) of the DNA—OTA
complex. The dark and small open circles, respectively, represent
the surfactant micelle and DNA, and the large open circles shown in
(b) are vacancy sites. The planes for inducing the first scattering peak
are represented by dark and broken lines. The arrows indicate the
lattice spacing, d. The 3D structures in the lattice domains surrounded
by the thick broken lines are depicted in the upper figures. The
ordinary hexagonal lattices of surfactant micelle and DNA shown in
(a) have the same scattering planes that induce the peaks at g values,

the ratio of which is 1:3%2:2, The ordered planes, the distance between
which is half of d, are missing in the array of spheroidal micelles
located at sites represented by dark circles shown in (b) and annihilate
the third peak observed in the SAXS profile of the ordinary hexagonal
lattice.

Table 2. Transition Enthalpy AH and Transition Temperature of
DNA—OTA Complex and OTAC Solution Obtained from the DSC
Measurement

DNA—OTA complex OTA solution

CJ/mM Tw/°C_ AHIkJ mol™ Tu/°C__ AHIKJ mol™ SAXS profiles missing the third peak, however, inevitably lead
260 16.9 12+3 21.6 20+3 to abandoning the DNA-inverted surfactant model for the
300 17.9 13+3 21.6 25+3 DNA—OTA complex. In the defect hexagonal lattice, a miss

of the scattering planes at an interval ¥fd leads to the
) . annihilation of the third scattering peak. That is, the defect
3.3. Thermal Behavior of the Complex.Figure 10 shows  pexagonal lattice induces the scattering peaks with the spacing
the DSC curves of the DNAOTA complex equilibrating with ratio of 1:32 The OTA micelle formed in the ordinary
the NaCl aqueous solution. The measurements of DSC werepeyagonal regime is rodlike. The micelle in the defect hexagonal
made for the DNA-OTA complexes a€s = 10, 100, 260, and  regime might be spherai@he spheroidal micelles might occupy
300 mM and the DNA-DDA complexes aCs = 10, 100, and  tne [attice sites represented by the dark circles but not the sites
300 mM. It is very interesting to find out .th.at the DNAOTA _ represented by the large and open circles on one plane
complexes aCs = 260 and 300 mM exhibit the endothermic  herhendicular to the hexagonal column shown in Figure 11b.

peaks as seen in Figure 10, but others do not. It is well-known The defect of the hexagonal columns of micelles arrayed in an
that the Krafft transition of the surfactant molecule is endo- gternative manner shown in Figure 11b can annihilate the

thermic?® The endothermic peaks observed for the OTAC scattering planes, a distance between which is hall, gind

solutions alCs = 260 and 300 mM are also shown in Figure 10 he third peak scattered from the ordinary hexagonal lattice
for comparison. The transition temperature of the DNATA ~ gnown in Figure 11a. It should be mentioned that the hexagonal
complex is lower than that of OTAC solutions. The transition  siyycture of DNA surrounded with the inverted surfactant shown
enthalpies per 1 mol of surfactant molecule of the DNATA in Figure 1 is possible in the ordinary hexagonal regime. The
complex and OTAC solutions obtained from the DSC curves jncrease ofd with Cs shown in Figure 2b should lead to an
are shown in Table 2. It is noticeable that the transition enthalpy jncrease of the parameter of disordefy, because of increasing
of th(_a DNA—OTA complex is about half of that of the OTAC ¢ space for DNA to move with the increasecin the case
solution. mentioned above. The experimental result is, however, opposite
as shown in Figure 2b. The decreasé\id should be explained
by lengthening the cylindrical micelle witis, which stabilizes
the structure of ordinary hexagonal lattice shown in Figure 11a.
The possible ordered structures emerging the SAXS profiles The inverted surfactant hexagonal structure shown in Figure 1
observed for the DNAOTA complexes in the ordinary  cannot be adapted to ti&z-dependent structure described above.
hexagonal regime and the defect hexagonal regime, respectively, The change from the defect hexagonal structure atJgto
are schematically depicted in Figure 11a (the ordinary hexagonalthe ordinary hexagonal structure at I&@yis made in order to
structure) and b (the defect hexagonal structure). The arrays oflower the electrostatic interaction energy. Roles of the electro-
the surfactant micelle and DNA need to make the same static interaction are essential in making the complex of DNA
hexagonal planes for the scattering peaks with the spacing ratiowith surfactant molecules. The architecture of the DNA
of 1:3Y22. The hexagonal lattices of columned surfactant micelle surfactant complex is regulated in order to lower the electrostatic
and DNA shown in Figure 1la have the same scattering energy that is a function of spatial distribution of charged
hexagonal planes. The hexagonal column of DNA-inverted entities, phosphate group of DNA, surface charges of micelles,
surfactant shown in Figure 1 can explain the scattering peaksand salt ions. The aggregate of surfactant OTA is expected to
with the spacing ratio of 122 but cannot explain both of the  form cylindrical micelle in the DNA-OTA complex, since the
peaks with the spacing ratio of #8and the increase id with micelle of OTA with a C18 alkyl chain is cylindrical in the
Cs shown in Figure 2b. The 1:1 complex of a phosphate group aqueous solution. In arraying columnar DNA and cylindrical
of DNA and a surfactant molecule at the I@ favors a site- OTA micelles in an alternative manner, the gap between line
binding model leading to the DNA-inverted surfactant. The charge densities of DNA and cylindrical micelles leads togﬁv

4, Discussions
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high electrostatic interaction energy of the complex. A line
density of DNA ¢pna = 5.88 nn1?) is much smaller than that

of the OTA cylindrical micelle §ora = 24—35 nntt), which

is estimated from the relatiomora = 27lota/Sota Wherelora
andsora, respectively, are a length of stretched OTA molecule
(~0.15+ 0.127 x 18 = 2.4 nm¥! and an area of the micelle
surface occupied by one OTA molecule. Hesgra can be
obtained from the shape factor relationgra/Sotalota = Y3—

1/, for the cylindrical micelle?2 wherevora is a volume of OTA
molecule ¢0.0274+ 0.0269 x 18 = 0.512 nnJ).! The 2D
hexagonal packing of the DNA and OTA cylindrical micelle
shown in Figure 11a is unstable because of the high electrostatic
energy of the complex unless the salt molecules do not
effectively shield the electrostatic interaction. The salt molecules
are penetrating into the complex in the transition regime as
indicated by Figure 6. The electrostatic interaction due to the
charge density gap mentioned above can be shielded in the salt
solution atCs above 250 mM. For keeping the local neutrality 66108 = ,
condition of electricity at the lowC,, the shape of micelle in - @ n - 10.16
the DNA—OTA complex is forced to be spheroid. The spheroid ’

ionic micelle can balance to the charge density of DNA by less E it (e S
dense distribution among the DNA columns. The defective 2D £ T o012 4
hexagonal array of the spheroids as shown in Figure 11b can 5
satisfy the local neutrality condition. Therefore, the defective 2.5+ §
2D hexagonal array is observed in the SAXS profiles as shown
in Figure 2a atCs below 150 mM.

The free energy of the cylindrical OTAC micelle is lower o0l R
than that of the spheroid in the solution phase because of the 12 16 20 24 28
lengthy alkyl chain. So is the OTA micelle in the DNAOTA T/1°C
complex. Ther_efpre, the free energy Of the d.efe(.:tive hexagonal Figure 12. Temperature dependence of the SAXS profiles of the
complex consisting of the spheroid micelle is higher than that pya—oTA complex in the 260 mM NaCl solution (a), and the lattice
of the ordinary hexagonal complex consisting of the cylindrical spacing, d, and the parameter of disorder, A/d, obtained from the
micelle. The chemical potential of the DNA molecule in the profiles (b). (a) Peaks with spacing ratio of 1:3Y2:2 are observed.

is ai =0 NA ks at g~ 2.7 appear at temperature below 16.7 °C and disappear

complex,upna, is given asupna = +TInCC _ Peaks at q pp p pp
at thpe eﬂuilibriun? Whe?t 0 aﬁgN'?' res eCtiVSEID)NA a?,TeA a at temperature above 19.0 °C. (b) The closed and open symbols,
q ) %DNA ’ P Y, respectively, represent d and A/d. The symbols of square and circle,
standard chemical potential of DNA and the Boltzmann tem- respectively, represent the data corresponding to the first peak and

perature. The smaller CG{A_ora is accompanied by the  the peak at g ~ 2.7. A dotted vertical line in (b) represents the
more stabilized complex or the lowapna. The transitional transition temperature (Tx = 16.9 °_C) observed in the DSC measure-
decrease of chmﬁfom from the defect hexagonal regime to ment for the DNA—OTA complex in the 260 mM NaCl solution.

the transition regime as shown in Figure 7 reflects on the crystal at a temperature beloWk.23 The strong attraction
transitional decrease in the free energy of the complex with the penyeen long alkyl chains makes them array in a parallel manner
regime change. This is possibly induced by the low free energy o stapilize the all-trans chain of their ordered array in the
mentioned that cylindrical micelles lead to more compaction stryctures in the solution at a temperature belw In the
of DNA than the spheroidal micelles as indicated by Table 1. spjution phase, the stacking freedom of alkyl chains is of two
The compaction also contributes to decreagegia. The dimensions. The alkyl chains in cylindrical micelles can also
amounts of Na and CI" ions provided from the solution phase  stack in one dimension along a long axis of the cylinder. The
control the degree of transition from the phase consisting of f5ct that a transition enthalpy of the DNADTA complex per
spheroidal micelles to the phase composed of cylindrical 1 M OTA is about half of that of the OTAC shown in Table 2
micelles. The increase of small ions in the DNATA complex can be explained by the difference in the stacking dimensionality
with Csas shown in Figure 6 is accompanied by the increase in petween the complex (1D) and the solution (2D). When the
the relative SAXS intensity emerging from the latter phase as akyl chains in the cylindrical micelles are stacking at a
shown in Figure 3. The present experiment cannot, however, temperature below the transition temperature observed in the
reveal how distributed Naand CI” ions are. It is inferred that DSC measurements, nanostructures of the Comp|ex should
Na* and CI ions, respectively, are more distributed into the change accordingly. To examine the structural change with the
spheroidal micelle-rich phase and the cylindrical micelle-rich temperature, the SAXS measurements for the BXDYA
phase. complex were made by raising the temperature from 10.8 to
Is the structural difference of the micelles in the complex 26.3°C. Figure 12 shows the temperature dependence of the
described above consistent with the fact that the endothermicSAXS profiles of the DNA-OTA complex in the 260 mM NaCl
DSC peaks are observed for the DN®TA complexes in the solution, the lattice spacingl, and the parameter of disorder,
ordinary hexagonal regime but not for the complexes in the A/d, obtained from the profiles. Peaks characteristic of the
defect hexagonal regime? It is well-known that the ionic ordinary hexagonal structure are always observed, dnd
surfactant micelles suspended in water at a temperature abovéransitionally decreases from 5.45 to 5.15 nm at the transition
the Krafft temperatureTk, transform to the hydrated solid or  temperatureTx. The change ird with the transition is due t%DV
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Figure 13. Temperature dependence of the SAXS profiles of the ] ] ]
DNA-OTA complex equilibrated with 20 mM NaCl solution. Broad Figure 14. SAXS profiles of DNA—OTA complexes at different
peaks with a spacing ratio 1:31/2 are observed. charge molar ratios of OTA/DNA in the NacCl solutions at Cs = 50

and 10 mM.

a change in the radius of cylindrical miceltg,, which increases
with a fraction of the trans configuration in the alkyl chain. According to the thermodynamics, the transition temperature,
The transitional change id reflects on the transitional change Tk, is given by the relationAH = TxAS, whereAH andAS
in the fraction of the trans configuration in the alkyl chain at respectively, are changes of enthalpy and entropy with the
Tk. The trans configuration is most favored in the stacking state transition. The stacking of alkyl chains in an ordered manner is
of the alkyl chain, which lengthens, andd. accompanied with counterion binding and dehydration of the
The fourth peak at| ~ 2.6 appearing at temperature below headgroup of the surfactant molecule. An increas€drhas
16.7°C, as shown in Figure 12a, cannot be identified with the the effect of reducing the contribution of counterion binding
V7 peak scattered from the 2D hexagonal lattice plane, and it 2"d dehydration tAS because the changing amounts of binding
disappears at temperature above TEOIt is obvious that the ~ counterion and dehydrating water molecules decrease@yith
structure of the DNA-OTA complex changes at the transition TheAH due to van der Waals attraction between the alkyl chains

temperatureTx = 16.9°C) observed in the DSC measurement. 1S independent ofss. Thus, T of the OTAC micelle in the
The form factor of a cylinder with a radiugy;, which is solution increases witls. This is also the case for cylindrical

roportional to /™2 délJi(ar sin é)/arw sin &12sin ¢ where micelles in the DNA-OTA complex atCs above 260 mM as
brop /o Aol I(Arey Sin §)/rey sin gI°sin ¢ shown in Figure 10. The transition temperaturgs, of the

J is the first-order Bessel functictt,shows the first peak at h
1091 ! unet v rsip DNA—OTA complexes a€s = 260 and 300 mM, respectively,

= 5.0k according to our numerical calculation. The fourth
q o g are 16.9 and 17.9C. It is worthwhile to point out that the

peaks atg ~ 2.7 can be identified with a form factor of the . -
cylinder withre, = 1.9 0.1 nm, which is compatible with ~ €NroPY changeAS, with the Krafit transition of the DNA

OTA complex, 41 J moit T atCs = 260 mM and 44 J mot

the fully stretched alkyl length of OTA, 2.25 nm. It should be = R s .
mentioned that the SXAS profiles of the DNADTA complex -L tat ICS__ 30h0 e mucg sr_nlaller th_an that of OTAC in
atCs = 300 mM change in the same way as described above attne SOrliItIOEIlp ase, it 67 J molT ﬂt Cs _ﬂ260 mM and 84
the transition temperaturd{ = 17.9°C) observed in the DSC J mo T. at G N 300 mM. T IS reflects on stronger
measurement for the DNAOTA complex in the 300 mM NaCl electrostatic constrained force exerting on the micelles in the
solution. The temperature-dependent SAXS profiles described PNA—OTA complex thgn that in the soluyon phase.
above strongly suggest that the micelle in the DNBTA The structure shown in Figure 11a, which needs more OTA
complex in the ordinary hexagonal regime is cylindrical. molecules than 1 for an ionic unit of DNA, can be stabilized

The Krafft transition cannot be observed for the spheroid PY anincrease of the OTA content in the DNATA complex?®
micelle in the DNA-OTA complex in the defect Hexagonal To examine the stabilizing effect of the increase of the OTA,
regime because the alkyl chains in the spheroid cannot geo-the SAXS profiles of the DNAOTA complex atCs = 50 and
metrically array in a parallel manner to stack with each other. 10 MM were measured with change of the charge molar ratio

No Krafft transition might lead to little structural change of the ©f OTA to DNA in the complex, OTA/DNA. Figure 14 shows
complex with temperature. To examine this, the SAXS mea- the SAXS profiles of DNA-OTA complexes which demonstrate

surements were made for the DNATA complexes equili-  the transformation of the defect hexagonal structure at OTA/
brated with the 20, 50, and 100 mM NaCl solutions. The DNA = 1 into the ordinary hexagonal structure at OTA/DNA
obtained SAXS profiles a€s = 20 mM are shown in Figure ~ = 5 in the NaCl solution aCs = 50 mM, but in the NaCl

13. Broad peaks with a spacing ratio of 122re observed at ~ Solution atCs = 10 mM, no transformation of the defect

temperatures between 10.7 and 26 This confirms no ~ hexagonal structure takes place at OTA/DNA 5. The
structural change with no Krafft transition. important role of electrostatic shielding effect of salt in the

It is well-known that the energy reduction due to the van der Structure of the DNA-surfactant complex also takes place in
Waals attraction between alkyl chains of the surfactant mol- this experiment.
ecules in the bulk solution exceeds their thermally agitating ~As described in the Results section, the experimentally
energy at the temperature below the Krafft temperature. The obtainedp value of the DNA-DDA complex is 1.25+ 0.06 in
endothermic transition observed for the DNATA complex the salt-free system. The obtainedalue provides with a shape
corresponds to the Krafft transition, that is, the oredisorder factor or a packing parameter of bilayer as follows. The surface
transition of alkyl chain of the OTA molecule. It is also known charge density of the DNA array sandwiched between DDA
that the Krafft transition temperature of the surfactant aqueous bilayer, opya, is 2.16 nm2, which is obtained from the
solution increases with an increase in the salt concentrétion. relation o3, = Apna/d2s Where d3,, is an inter-DNACDV
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distance in the DNA-DDA complex in a salt-free system
obtained from the SAXS profiles shown in Figure 4a. The sum
of anionic charges of DNA and Clshould be balanced with
the cationic charge of the DDA bilayer with the surface density,
oopa (= p-03ual2), which is estimated to be 1.32 0.07
nm-2. The area of bilayer surface occupied by one DDA
molecule,sppa, can be estimated frormypa = 1/oppa. The
length of DDA molecule in the bilayer is 0.% Ippa,26 where
Iopa is the contour length of the stretched DDA molecule (0.154
+ 0.126x 12— 1.67 nm). The volume of the DDA molecule,
Uppa, iS estimated as 0.700 #nf~0.0274 x 2 + 0.0269 x
24)21 Then, the shape factorppa/(Sppa0.7ppa) is 0.79 +
0.04, which is consistent with the value of the shape factor of
1/,—1 for the bilayer?? The value of 0.79 of the shape factor is
smaller than 1, that is, an ideal shape factor for the flat bilayer.
This indicates that the undulated bilayer shown in Figure 5a
might be favored in the salt-free condition. There might be other

Kawashima et al.

in the complexes evaluated from the atomic absorbance for Na
and the potentiometry for Cldemonstrate charge molar ratios
of OTA/DNA = 1 and DDA/DNA= 1.25. Molar ratios of Na

and CI ions to an ionic unit of DNA molecule in the DNA
OTA complex equilibrated with the NaCl solution at the
concentration below 100 mM are much less than 0.1, while they
increase with increase of the concentration above 200 mM.
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