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Bio-nano complexes of calf-thymus DNA with a cationic surfactant (DNA/DTAB) and with surfactant
wrapped single-walled carbon nanotubes (DNA/SD) were prepared and investigated. The focus of this
study was on the molecular interactions, dynamics and binding characteristics as evaluated by a battery
of experimental techniques. The major binding sites on DNA and their binding affinities toward the
surfactant (DTAB) are identified by Fourier Transform InfraRed (FTIR) spectroscopy. DTAB molecules
display higher binding affinity toward DNA when hydrophobically attached to the single-walled carbon
nanotube (SWNT) surface. Dielectric spectroscopy of the neat DNA and the two complexes revealed the
presence of a process assigned to the motions of counterions distributed along the DNA backbone. The
time scale of this process is a function of the composition of the complex and is shortest at a particular
DNA/DTAB or DNA/SD ratio. The effect of SWNT on the zeta potential and the hydrodynamic diameter is
manifested by the speed-up of charge reversal and a large complex size at the iso-electric point (IEP). The
secondary structure of DNA is altered by the presence of SWNTs; however, there is no evidence of the
transition of DNA in either complex from type B to other forms.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Interaction of DNA with cationic surfactants and/or single-wal-
led carbon nanotubes (SWNTs) has generated considerable excite-
ment in recent years due to the growing interest in the application
of such nanoscopic complexes in biological engineering and
nano-biotechnology. Several inorganic nanomaterials, including
nanotubes, nanocrystals and nanowires, have been identified as
promising vehicles for various applications in biological and
medicinal sciences [1–5].

Studies of DNA/surfactant complexes have focused on the
interactions between polyelectrolytes and surfactants [6–8]. The
binding of cationic surfactants to the oppositely charged DNA is
a discharging process that induces condensation of the DNA into
a compact structure [9]. The formation of DNA/surfactant complex
is straightforward due to the well-defined binding sites on DNA and
strong electrostatic interaction [10]. Gorelov et al. [11] and Dias
et al. [12] argue that the cooperative binding of cationic surfactants
to DNA is caused by the hydrophobic interactions between bound
surfactant molecules that lead to phase separation at high DNA
concentration. This cooperative nature of binding results in a lower
: þ1 718 260 3125.
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critical aggregation concentration which is usually a few orders of
magnitude below the critical micelle concentration (CMC) of the
free surfactants [13].

Single-walled carbon nanotubes (SWNTs) have been considered
as potential bio-carriers that can cross the cell membrane without
imparting toxicity [14–16]. Carbon nanotubes can also serve as
scaffolds on which DNA molecules can be oriented, manipulated,
and investigated without the need for chemical treatment. DNA
immobilization platforms use high-resolution detection tips of
carbon nanotubes for probing DNA fragments [17,18]. The forma-
tion of DNA/SWNT complexes is of interest for application in the
biosensor field [19] for DNA hybridization detection [20], targeting
[21], biocompatibility [22], etc. Zheng et al. [23] reported a direct
association of DNA with SWNT, and showed that SWNTs in aqueous
solution can be effectively dispersed by wrapping single-stranded
DNA on SWNT based on the interaction strength developed by
p-stacking. Remarkable electrical properties of SWNTs are of
interest for the development of molecular-based electronic devices
owing to the selective binding of complementary DNA strands onto
nanotube surfaces [24]. Feazell et al. have demonstrated that
carbon nanotubes can deliver cancer-targeting drugs, proteins and
DNA into cells [25,26]. PrimeGen, a biotech company from Cal-
ifornia used SWNTs to introduce proteins into human testicular and
retinal cells at an astonishing acceptance rate of 80% [27]. Xin et al.
[28] reported DNA-templated assembly of surfactant wrapped
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SWNT on the treated silicon substrate and suggested the use of
DNA–SWNT assembly as a nanowire in nanoelectronic circuits.

The research described in this article is aimed at establishing the
nature of interactions of DNA with DTAB or DTAB wrapped SWNTs
during the complex formation. These interactions remain incom-
pletely understood and no comprehensive study on this subject has
been reported. More specifically, our principal objective is to
understand the binding mechanism and dynamics of these bio-nano
complexes under applied electric field. This is accomplished by the
application of various experimental techniques that include
dielectric relaxation spectroscopy (DRS), Fourier Transform InfraRed
(FTIR) spectroscopy, zeta potential and circular dichroism (CD).

2. Experimental

2.1. Materials

Calf-thymus DNA (double stranded, w20 kb, GC 41.9%, D4522)
and dodecyltrimethylammonium bromide (DTAB) were obtained
from Sigma–Aldrich. The AP grade (70% purity) single-walled
carbon nanotubes (SWNTs) were obtained from Carborex and used
without further purification. The effect of impurities on interac-
tions with DNA cannot be excluded although even highly purified
SWNTs contain up to 10% impurities. The DNA samples were
prepared in pure deionized water and the concentration was
determined using UV spectroscopy at the wavelength of 260 nm.
DTAB wrapped SWNT solutions (SD) were prepared by homoge-
nization with sonication followed by centrifugation. 10 mg of
SWNTs were added to 50 mL of ionized water including 1% DTAB.
This solution was sonicated for 24 h. A sonicator (model: UP-50H
with sonotrode MS2, Hielscher Ultrasonics) with operating
frequency of 30 kHz and maximum power output of 50 W was used
for sample preparation. This suspension was centrifuged for 30 min
at 13,000 rpm to remove the unbound SWNTs and the supernatant
was then decanted. The decanted suspension remains stable for
over 3 months.

2.2. Preparation of complexes

DNA/DTAB and DNA/SD complexes were prepared in 1.5 mL
snap-cap tubes by adding DNA solution into SD or DTAB solution at
various concentrations. For DRS and FTIR measurements, all
samples were homogenized by sonicator in an ice-water bath for
1 min. The amount of DTAB in the solution was kept below the
critical micelle concentration (CMC). The effect of DTAB above the
CMC on the property of the complex was not considered in this
study. Table 1 summarizes the samples investigated and specifies
their codes.

2.3. Techniques

IR spectra were obtained on a Magna IR 750 spectrophotometer
with a total of 100 scans and a resolution of 4 cm�1. The collected
Table 1
Sample description and codes.

Description Codes

Deoxyribonucleic acid DNA
Single-walled carbon nanotube SWNT
Dodecyltrimethylammonium bromide DTAB
Dodecyltrimethylammonium bromide wrapped single-walled

carbon nanotube
SD

Complex formed by the interaction of DNA with DTAB DNA/DTAB
Complex formed by the interaction of DNA with SD DNA/SD
spectra were manipulated using OMNIC software. A drop of sample
solution on AgCl window was dried for 3 h in the refrigerator. The
relative absorbance intensity of all major IR bands was determined
by normalizing with respect to the internal reference peak at
966 cm�1, due to deoxyribose C–C and C–O stretching vibrations,
that show no spectral changes as a function of the weight ratio of
the components. Dielectric measurements were performed on
a Novocontrol a-high-resolution dielectric analyzer (3–7 MHz)
equipped with heating/cooling controls, including Novocontrol’s
Novocool system custom-modified for measurements at low and
high frequency. A detailed description of our facility has been given
elsewhere [29–31]. Measurements of the Zeta potential and
complex size were performed using a Zeta sizer Model ZS-90
(Malvern Instrument, Southborough, MA) at room temperature. At
least five mean values were obtained for each sample. All samples
were sonicated for homogenization and incubated in the refriger-
ator for 1 h before the measurements for the equilibrium complex
formation. CD spectra were obtained using Jasco J-815 spec-
tropolarimeter (Easton, MD) with a 10 mm path length rectangular
cuvette cell at 25 �C. Spectra were recorded in the wavelength
range from 350 to 210 nm at a scan rate of 1 nm/min and a reso-
lution of 0.1 nm. Four spectra were collected and averaged for
each sample. The minimum DNA concentration in all samples was
40 mg/mL.

3. Results and discussion

Our working strategy consisted in applying a battery of exper-
imental techniques to explore the character of DNA complexes and
to establish the role of DTAB wrapped SWNTs in the complex
formation. The paper is organized as follows. We begin by charac-
terizing the neat DNA and the two DNA complexes DNA/DTAB and
DNA/SD. We then proceed to examine the binding characteristics,
relaxation and counterion dynamics, the zeta potential and the
secondary structures of all systems investigated.

3.1. Characterization

3.1.1. Neat DNA and DTAB wrapped SWNTs
The original DNA sample was a double stranded helix of high

molecular weight (w13,000 kDa or 20 kb) and heterogeneous size
distribution. DNA samples were sonicated before each measure-
ment to reduce the length and homogenize the solution. The final
average size of the DNA was estimated at around 500 base pairs
(bp) using gel-electrophoresis as shown in Fig. 1. The chemical
structure of DTAB and a schematic of DTAB wrapped SWNTs (SD)
are presented in Fig. 2. DTAB consists of a single hydrocarbon tail
(Fig. 2a) with short chain length [32] which is hydrophobically
attached to the SWNTs as shown in Fig. 2b. The stability of SD
solutions was maintained for over 3 months at room temperature.
The hydrodynamic diameter and the zeta potential of SD were
determined to be 150 nm and þ53 mV, respectively.

3.1.2. DNA complexes
We begin by examining the IR spectra of the neat DNA and

various complexes. Double stranded (ds) calf-thymus DNA has
major absorption bands in the mid-IR region between 650 and
1800 cm�1. Specifically, the characteristic spectral bands in the neat
DNA (bottom trace in Fig. 3a and b) appear at 1662 (thymine), 1608
(adenine), 1498 (cytosine), 1225 cm�1 (the asymmetric stretch of
backbone phosphate) and, 1086 and 835 cm�1 (symmetric PO2

stretch resulting from in-plane vibrations) [33]. The structural
marker band for the calf-thymus ds-DNA is the absorbance peak at
1709 cm�1, which is attributed to the C]O stretching mode of the
base-paired residues. The disappearance of this band provides the



Fig. 1. DNA molecular weight standard (left), electrophoresis of the original DNA
(middle) and DNA after 1 min sonication (right).

Fig. 3. IR spectra of (a) DNA/SD complex and (b) DNA/DTAB complex with weight ratio

HyungKi Lee, J. Mijović / Polymer 50 (2009) 881–890 883
spectral criterion for the denaturation of ds-DNA [34]. Since the
DNA helix has distinctive IR bands that afford identification of the
secondary conformation changes, the effect of DTAB and DTAB
wrapped SWNTs on the DNA structure can be gleaned from the IR
spectra by examining the intensity of those peaks and their shift in
the frequency (wavenumber) domain. Fig. 3a and b contains the IR
spectra of DNA/SD and DNA/DTAB complexes, respectively, with the
weight ratio as a variable, plotted on the right ordinate. We observe
a shift of major spectral bands to higher wavenumber in both DNA/
SD and DNA/DTAB complexes even at the lowest SD and DTAB
loading (1.25 and 1.67 respectively). Moreover, the intensity of
those bands decreases with increasing weight ratio. The structural
marker band of DNA at 1709 cm�1 remains visible in the absor-
bance spectra with only a slight shift with increasing weight ratio
and there is no evidence of a new band at 1692 cm�1 which has
been attributed to the carbonyl vibrations of the unstacked bases
[35]. A decrease in the intensity of bands at 1709 and 1662 cm�1 is
due to a partial stabilization of the helix that results from the DTAB-
Fig. 2. (a) Molecular formula of dodecyltrimethylammonium bromide (DTAB) and (b)
schematic representation of DTAB and DTAB wrapped single-walled nanotube (SWNT)
(head on view).

(SD:DNA or DTAB:DNA) as a variable.
phosphate binding. The presence of a peak at 1709 cm�1 in all
spectra is a proof that the DNA is not denatured by DTAB at the
weight ratios used in this study and that it remains in the double
stranded helical configuration by maintaining the base stacking
and pairing. The addition of DTAB results in the appearance of two
new absorbance bands at 1482 and 1471 cm�1, due to CH2

symmetric bending, and the intensity of those peaks increases with
increasing weight ratio as shown in Fig. 3. The addition of SWNT
does not give rise to new bands in the DNA/SD spectra though it has
an effect on the absorbance intensity and the wavenumber shift.

Next, the relative intensity of the major absorbance bands at
1709, 1225 and 1086 cm�1 with the weight ratio as a variable was
calculated using the peak at 966 cm�1 as internal reference. These
three bands represent the base pairing (1709 cm�1) and the stretch
vibrations of the DNA phosphate backbone (1225 and 1086 cm�1)
where the main binding interactions between DNA and DTAB (or
SD) take place. As shown in Fig. 4, the relative intensity systemat-
ically decreases with increasing weight ratio, indicating that the
variation in the absorbance spectra is directly affected by the
surfactant concentration.

The extent of binding to the surfactant also depends on the DNA/
SD weight ratio. Two sets of DNA/SD complexes were examined in



Fig. 4. Relative absorbance intensity of major bands in DNA/SD complex as a function
of weight ratio (DNA:SD).
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order to evaluate the extent of saturation of SD with DNA as
captured by the IR spectra. With DNA in excess (SD:DNA¼ 1:2.5),
the complex and the supernatant exhibit all major absorbance
bands (at 1709, 1225 and 1086 cm�1, etc.), indicating that the
binding is unsaturated (Fig. 5a). On the other hand, at high SD
Fig. 5. Comparison of IR spectra of neat DNA with its complex and supernatant for the
weight ratio (a) SD:DNA¼ 1:2.5 and (b) SD:DNA¼ 1:1.
concentration (SD:DNA¼ 1:1), the complex maintains the charac-
teristic DNA bands, as shown in Fig. 5b, but the supernatant devi-
ates from the original DNA fingerprint. This is because the DNA
molecules in the complex are associated with SD and settle down
during centrifugation. Simultaneously, we record the emergence of
the characteristic DTAB absorption bands at 1482, 1471 and
911 cm�1.

3.2. Binding behavior

The binding affinities of SD and DTAB toward DNA are examined
next. The calculation of the binding constants of DNA/SD and DNA/
DTAB complexes was also carried out using the FTIR spectra. The
relative intensities of the major bands at 1709 and 1086 cm�1 were
calculated for each SD and/or DTAB concentration using the band at
966 cm�1 as a reference [36]. In order to obtain the relative
intensity, the area for the specific bands (ex: 1709, 1086, reference,
etc.) is calculated first. In the case of overlapping (shoulder and
neighboring) bands extrapolation and deconvolution were utilized.
This procedure is effectively conducted with the operating software
(OMNIC). The relative intensity was then obtained by dividing the
area of the target band with that of the reference band. The
calculated binding constants for those two specific binding sites
were plotted as a function of SD or DTAB concentration in Fig. 6. The
calculation procedure has been described in the literature [37–39].
The binding constants of DNA/SD and DNA/DTAB complexes are
defined as follows:

SDþ DNA4SD : DNA DTABþ DNA4DTAB : DNA (1)

K1 ¼ ½SD : DNA�=½SD�½DNA� K2 ¼ ½DTAB : DNA�=½DTAB�½DNA�

Fig. 6a and b shows how the major binding sites at 1709 and
1086 cm�1 are affected by SD (Fig. 6a) and DTAB (Fig. 6b). Note that
the binding constant for the DNA/SD complex, K1 (for both binding
sites at 1709 and 1086 cm�1) is higher than that for the DNA/DTAB
complex, K2 (for the corresponding binding sites), indicating
a higher affinity of SD toward DNA. This is an interesting observa-
tion that is rationalized as follows. In the DNA/DTAB complex, free
DTAB molecules bind to DNA through electrostatic attraction.
Hydrophobic–hydrophobic interactions between the DTAB mole-
cules bound to DNA and those present in the surrounding medium
promote the formation of DTAB bi-layers that become a part of the
DNA/DTAB complex. In the DNA/SD complex, on the other hand,
there are micelle-like SDs that consist of DTAB molecules hydro-
phobically anchored on SWNTs (see Fig. 2b). The distribution of
surfactants on a hydrophobic SWNT surface can be considered
a monolayer as well as micelle-like form. Here, the electrostatic
interaction between DNA and SD is the major driving force for the
complex formation, although dissociated uncharged SWNTs,
particularly at a low weight ratio, may adsorb onto DNA ends
through hydrophobic interactions. DTAB molecules emanate radi-
ally from the SWNT surface and are favored to associate with the
DNA molecules, thus accelerating the complex formation. The
higher binding affinity of SD toward DNA is attributed to the fact
that SD, due to its micellar structure, provides DNA with larger
specific interactions than DTAB. Moreover, any reversible charac-
teristic of surfactant adsorption was not observed within the
measurable time scale.

The question of whether the ds-DNA will bind to the surface of
uncharged SWNTs in solution has not been resolved by experi-
mental or computational studies. In most experimental studies,
SWNTs were modified with carboxylic end groups to facilitate
solubilization in aqueous media and enhance electrostatic inter-
actions with DNA. Li et al. [40] reported strong interactions



Fig. 6. Plot of 1/(R� R0) vs. 1/C for (a) DNA/SD complex and (b) DNA/DTAB complex. R0

is the initial relative intensity of major IR band and R is the recorded relative intensity
as a function of DTAB concentration (C). The binding constants (K1 and K2) were
determined for the bands at 1709 and 1086 cm�1.

HyungKi Lee, J. Mijović / Polymer 50 (2009) 881–890 885
between the open end functionalized SWNT and the major groove
of DNA and demonstrated a fluorescence binding assay where
SWNTs bind to DNA by excluding the binders out of their binding
sites. Zhao et al. [41] conducted a computational study and showed
that SWNTs are able to attach to the hydrophobic end groups of
DNA but not to the hydrophilic DNA backbone. In our study, SWNTs
do not have carboxylic end groups but are wrapped instead by
cationic surfactants which enhance their solubilization in aqueous
media. Hydrophobic interactions occur between the uncharged
SWNT surface and DNA at lower weight ratio (SD:DNA). The
difference in the binding affinity between SD and DTAB as
expressed in terms of K (KDNA/SD> KDNA/DTAB) is due to this hydro-
phobic association of SWNT with DTAB as well as the interaction
between free uncharged SWNT and DNA. Since DNA/SD and DNA/
DTAB solutions contain the same amount of DTAB, one may expect
the same electrostatic potential of DTAB. But, we observe
a distinctly higher affinity of DNA/SD complex in comparison to
DNA/DTAB and take that as a proof that SWNTs play a significant
role in the binding interaction between DTAB and DNA.

3.3. Relaxation and migration dynamics in DNA complexes

Thus far we have shown that the IR absorbance bands arising
from the specific sites on DNA are affected by the binding with
surfactant and the presence of SWNT. The electrostatic interaction
between the DTAB and the DNA phosphate group is the main
driving force for the complex formation and is stronger in DNA/SD
than DNA/DTAB complex. It is of further interest to examine the
electrostatic properties of the DNA complexes using dielectric
relaxation spectroscopy (DRS) in order to evaluate the response of
charged components to the applied electric field. For poly-
electrolytes in aqueous solution, the fluctuation of counterions
along the polyelectrolyte is believed to provide the key contribution
to the dielectric response at frequencies below 1 MHz [42,43]. The
dielectric response in this frequency region is not caused by the
rotation of the permanent dipole moment of the entire DNA
molecule but originates instead from the polarization of condensed
counterions along an essentially stationary polyelectrolyte chain
[44,45].

DRS spectra were generated over a wide range of temperature
and frequency. The complex dielectric permittivity is defined as
3* ¼ 30ðuÞ � i300ðuÞ where 30ðuÞ is the real permittivity, 300ðuÞ is the
dielectric loss factor and u¼ 2pf (Hz). Dielectric spectra in the
frequency domain contain information about many orders of
magnitude of time scales and length scales of motion of various
charged species in the electric field. In the text below we refer to
the characteristic time constant obtained from the dielectric loss
spectra as ‘relaxation time’, while acknowledging that this
parameter should not be confused with the time scale of the
segmental motions (the alpha process) in glass formers. As we shall
see, the average ‘relaxation time’ in this study corresponds to the
time scale of motions that result from the fluctuations of counter-
ions surrounding the DNA backbone. We examine the dielectric
response of the neat DNA first. Calf-thymus DNA exhibits two
dielectric loss peaks in the frequency domain between 0.1 Hz and
1 MHz as shown in Fig. 7a. The low frequency peak (LFP) is due to
the frozen water molecules in the DNA–water matrix, and the high
frequency peak (HFP) is attributed to the counterion fluctuation
along the DNA chains [46–48]. For the LFP, an Arrhenius plot of the
average relaxation time vs. reciprocal temperature yields the value
of activation energy of 55 kJ/mol, the same as pure ice [49]. The HFP
has lower activation energy of 24 kJ/mol (Fig. 7b). Both peaks shift
to lower frequency with decreasing temperature as shown in
Fig. 7a. In this work, we focus on the HFP which represents the
dielectric response arising from the counterions distributed along
the DNA phosphate backbone [50,51].

We consider in more detail the dielectric response of DNA/SD
complexes at frequencies below 106 Hz and temperature between
�80 and 10 �C. We reiterate that no significant difference in the
dielectric response of DNA/SD and DNA/DTAB is observed. The
average relaxation time for the DNA/SD complex, obtained from the
fits of the loss spectra to the well-known Havriliak–Negami (HN)
functional form [52–56], is plotted as a function of the SD:DNA
weight ratio with temperature as a parameter in Fig. 8. At any given
temperature, the time scale of this process decreases with
increasing SD concentration until the weight ratio of about 10 and
then it starts to increase. Apparently, there exists a specific weight
ratio where this process is fastest and an explanation of that
observation is as follows. Negatively charged DNA molecules in the
solution are surrounded by positive counterions leading to: 1) the



Fig. 7. (a) Dielectric loss in the frequency domain (note peaks at lower (LFP) and higher
(HFP) frequency) and (b) temperature dependence of the average relaxation time for
DNA solution (1 mg/mL).

Fig. 8. Average relaxation time of DNA/SD complex as a function of weight ratio R with
temperature as a variable.
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formation of electrostatically driven clouds in the proximity of the
DNA chains and 2) the compaction of DNA molecules [57]. In the
presence of DTAB, strong electrostatic attractions between the DNA
and the surfactant result in the formation of a complex whereby the
counterions along the DNA backbone are replaced with surfactant.
The other charged species that include the free surfactant, coun-
terions and coions, are distributed around this complex in accor-
dance with the Boltzmann distribution [58]. The dielectric response
described in Fig. 8 reflects the behavior of counterions that
surround the complex and exhibit fastest dynamics at a specific
weight ratio. We shall revert to the discussion of this phenomenon
later in the text.

The shape of the counterion cloud surrounding a DNA/SD or
a DNA/DTAB complex varies depending upon the charge density on
the complex [59,60]. The non-uniformly distributed charges on the
complex induce a dipole moment in the applied electric field [61].
This induced dipole moment in a DNA solution is expressed as
m! ¼ aV E

!
, where a is the polarizability of the molecule per unit
volume; V is the volume; E
!

is the electric field [62]. The dielectric
relaxation time depends on the friction coefficient for the
condensed counterions that move along the DNA backbone
according to the following expression [63]:

sz
xL2

6kT
z

x

6kT
N2b10=7f 8=7l4=7

B (2)

where x is the friction coefficient for condensed counterions
moving along the stationary polyion backbone; L is the chain
contour length; k is the Boltzmann constant, T is temperature; N is
the number of condensed counterions; b is the monomer size
(0.43 nm); f is the fraction of monomer bearing an effective charge;
lB is the Bjerrum length (0.71 nm).

As seen from Eq. (2), the relaxation time is directly proportional
to N, f and x. The counterion distribution on the complex is
important in determining the relaxation time and is governed by
the fraction of effectively charged monomer and the number of
condensed counterions. The non-linear dependence of the average
relaxation time on the weight ratio is due to two factors: 1) higher
molecular weight of DNA in comparison to DTAB, and 2) non-
uniform counterion distribution on the complex. The first factor is
intuitively obvious. The average molecular weight of ds-DNA is
approximately 3�105 Da (500 bp), about 1000 times that of DTAB,
resulting in a large available binding interface. The effect of the
non-uniformity of the counterion distribution is reflected as
follows. At the lowest weight ratio, the charge distribution of the
complex is dominated by the DNA counterions and the effect of
DTAB on the overall charge is negligible, suggesting a nearly
homogeneous charge distribution with low degree of polarizability.
As the weight ratio increases, an increasing number of DNA coun-
terions is replaced by DTAB through electrostatic binding interac-
tions, and that creates a gradually increasing non-uniform charge
distribution. The degree of non-uniformity reaches a maximum at
the weight ratio between 1 and 100 which is well below the
condition where DNA counterions are fully replaced by DTAB and
charges are neutralized. The non-uniform charge distribution of
negative and positive counterion clouds induces higher polariz-
ability. The large induced dipole moment at the weight ratio of
around 10 is responsible for fast relaxation due to the larger elec-
trostatic torque exerted on the complex. Khachatourian et al.
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reported that the electrostatic torque is a direct consequence of the
Coulomb forces acting on an asymmetric distribution of charges
residing on the surfaces of spheres [64]. As seen in Fig. 8, as the
weight ratio increases over 100, the average relaxation time begins
to increase since polarizability decreases as the consequence of
a lower degree of non-uniformity in charge distribution at higher
number density of DTAB or SD. Our results clearly demonstrate that
the relaxation time is sensitive to the weight ratio (DTAB:DNA or
SD:DNA).

Fig. 9 shows how the activation energy of the DNA/SD complex
varies with the weight ratio. Based on the electrostatic binding
model of Manning (1978) and Rouzina and Bloomfield (1997) [65],
the free energy of cations binding to DNA is expressed as follows:

DG ¼ �zRT lnðNs=NÞ (3)

where z is the valence number of cations, R is the gas constant, T is
temperature in kelvin, Ns is the maximum counterion concentra-
tion at the DNA surface and N is the molar concentration of added
monovalent cations.

In our samples, only two ionic components are added to the
solution: the surfactant and the DNA. We define the molar concen-
tration of DTAB as N and use it to estimate the free energy of cationic
binding to DNA. In Eq. (3), Ns is calculated to be 1 M for a long DNA
[66]. As the surfactant concentration increases, the free energy of
binding (DG) decreases. DG is directly proportional to the surface
charge density of DNA. While the binding sites on DNA are being
occupied by the cationic head groups (DTAþ) through electrostatic
interaction, the overall charge density of DNA decreases resulting in
the decrease of binding energy. When DNA concentration exceeds
DTAB concentration, DG becomes negative indicating that the
binding of DTAB to DNA is favored. This binding energy effectively
lowers the activation energy and stabilizes the complex as DTAB
binds to DNA even more tightly. The lower binding energy at the
highest weight ratio (SD:DNA or DTAB:DNA) indicates that strong
binding interaction requires lower activation energy.
3.4. Zeta potential and hydrodynamic diameter

In an applied electric field, charged species are attracted to the
electrode of the opposite polarity resulting in an electrostatic
Fig. 9. Activation energy of DNA/SD complex as a function of weight ratio R (SD:DNA).
Activation energy was obtained from fits of dielectric relaxation time vs. reciprocal
temperature.
potential, called the zeta potential. The zeta potential of a complex
is determined by the charge ratio between the DNA and the
surfactant. Calf-thymus DNA in pure deionized water has a highly
negative zeta potential (�77 mV) owing to the phosphate groups
on its backbone. For polyelectrolyte molecules in aqueous media,
the zeta potential is affected by the presence of a non-uniform
charge distribution and the amount and type of counterions
present in the solution.

The zeta potential and the hydrodynamic diameter of DNA/
DTAB and DNA/SD complexes in pure deionized water were
measured as a function of weight ratio (DTAB:DNA or SD:DNA) at
25 �C using electrophoresis and dynamic light scattering. The
diameter measured by dynamic light scattering is determined from
the translational diffusion coefficient using the Stokes–Einstein
equation. The hydrodynamic diameter of a non-spherical complex
corresponds to the diameter of a sphere that would have the same
translational diffusion coefficient.

DNA/DTAB complex is examined first. As shown in Fig. 10a, the
zeta potential of the DNA/DTAB complex (right ordinate) is�42 mV
at the weight ratio of 10. The zeta potential decreases toward zero
with increasing weight ratio and reaches plateau at the weight ratio
Fig. 10. Zeta potential (right ordinate) and complex size (left ordinate) of (a) DNA/
DTAB and (b) DNA/SD complexes as a function of weight ratio R (DTAB:DNA or
SD:DNA).
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of about 400. This plateau corresponds to the iso-electric point
(I.E.P) where the negatively charged DNA is neutralized by the
cationic surfactant. The free DTAB molecules adsorb onto the DNA
backbone electrostatically with their hydrophobic tails pointing
outward. This further leads to the hydrophobic attraction between
DTAB molecules, resulting in the formation of DTAB bi-layers
between DNA molecules. But once the DTAB molecules replace all
counterions on the DNA phosphate backbone, we observe no
charge reversal process in the zeta potential measurement. This is
attributed to the fact that the free DTAB molecules are not recog-
nized as particles and hence do not contribute to the positive zeta
potential because they do not have any electrophoretic mobility
under applied voltage.

With respect to the size of the complex (left ordinate, Fig. 10a),
note that the hydrodynamic diameter of the DNA/DTAB complex is
about 250 nm at the lowest weight ratio and it decreases slightly
until the weight ratio reaches 300 nm. The decrease in the hydro-
dynamic diameter with increasing weight ratio implies that the
DNA/DTAB complex assumes a more condensed form due to the
binding interactions while the counterions on the DNA backbone
are replaced by DTAþ cations. Mel’nikov et al. [67,68] used fluo-
rescence microscopy and observed DNA compaction upon the
addition of a cationic surfactant. They showed how DNA molecules
change from the extended coil to the compacted globular state in
the presence of a surfactant. In our study, the size of the complex
increases with increasing weight ratio and reaches a broad peak at
about 600 nm. This value corresponds to the I.E.P where the
attraction forces between DTAB and DNA are strongest due to the
weak electrostatic repulsion. The implication is that the overall
complex formation is dominated by the electrostatic interaction
between DTAB and DNA.

We next turn attention to the results for the DNA/SD complex
described in Fig. 10b. The zeta potential of the DNA/SD complex at
the weight ratio of 10 is identical to that of the DNA/DTAB complex.
Furthermore, the decrease in the zeta potential up to �15 mV
mimics that in the DNA/DTAB complex. At a low weight ratio, SD
splits into DTAB and SWNT because the concentration of DTAB in
the solution is diluted by the addition of DNA in deionized water.
The free DTAB molecules adsorb onto DNA backbone electrostati-
cally while the separated SWNTs attach hydrophobically to the DNA
end groups. Consequently, the variation of the zeta potential for the
DNA/DTAB complex parallels that of the DNA/SD complex at a low
weight ratio. But that is where the similarities end because the zeta
potential in the DNA/SD complex does not level off past the I.E.P.
Instead, it continues to increase with SD concentration while the
charge of the DNA/SD complex undergoes reversal from negative to
positive. The underlying reason for the observed difference in the
zeta potential between DNA/DTAB and DNA/SD complexes is
attributed to the role of SWNTs in binding interactions. At higher
weight ratios, DTAB molecules emanate radially from the SWNT
sidewalls (see Fig. 2b) and maintain their micelle-like structure
while adsorbing onto DNA via electrostatic attractions. This
proposed scheme is plausible because of the electrostatic repulsion
between the cationic head groups and the hydrophobic interaction
between DTAB tails and SWNT. In the course of the complex
formation, some head groups of DTAB on SD are attached to one
DNA, others to another DNA. With increasing weight ratio and
beyond the I.E.P, the electrostatic repulsion overwhelms attraction
and the number of unbound SD gradually increases. The positive
zeta potential (þ53 mV) of the free SD contributes to the increase in
the overall zeta potential of the DNA/SD complex at higher SD
concentration as shown in Fig. 10b.

Next, we evaluate the hydrodynamic diameter of the DNA/SD
complex. At a low weight ratio, DTABs and SWNTs are dissociated
from SD because of dilution with DNA. Here, the binding occurs due
to the random electrostatic interactions between the free DTAþ and
the phosphate groups of DNA. Since the exterior surface of the ds-
DNA is hydrophilic, the SWNTs can interact only with the hydro-
phobic DNA end base pair planes. The DNA/SD complex exhibits
a larger hydrodynamic diameter than the DNA/DTAB complex at
the weight ratio below 100 suggesting that the association of iso-
lated SWNTs with DNA end groups contributes to the increase in
the complex size. The SD concentration increases up to the I.E.P, and
that is where the largest complex size is observed. Jing et al. [69]
studied phase behavior of DNA with cationic/nonionic surfactant
mixtures and showed no significant hydrophobic association at
high DNA concentration indicating no cooperative binding of
surfactants due to their predominantly electrostatic interaction
with DNA. Their results are in agreement with ours because the
effect of SWNTs on the charge neutralization and reversal appears
negligible at higher DNA concentration but becomes gradually
more significant at lower DNA concentration due to the strong
hydrophobic association of SWNTs with DTAB, leading to larger
hydrodynamic diameter of the complex. Moreover, a considerably
larger size of the DNA/SD complex suggests that the electrostatic
attractions between SD and DNA are stronger than the hydrophobic
interactions between DTAB molecules, resulting in the SWNT
mediated growth of the complex. As the weight ratio increases
further, the electrostatic repulsion becomes a dominant force
leading to the decrease in the hydrodynamic diameter of both DNA/
DTAB and DNA/SD complexes. The above observations support the
tenet that the overall complex formation is electrostatically
controlled.
3.5. Secondary DNA structure in the complex

We next turn attention to the effect of SWNTs on the three-
dimensional helical structure of DNA. The native ‘B-form’ DNA helix
has a unique circular dichroism (CD) spectrum that consists of
positive and negative bands near 275 nm and 245 nm, respectively
[34,70,71]. The shift of those bands and the change in their spectral
shape indicate the rearrangement of the helical structure of DNA.
We employed circular dichroism (CD) spectroscopy to determine if
any alterations in the secondary structure of DNA were realized in
the DNA/SD and DNA/DTAB complexes. The observed signals arise
from the DNA molecules because SWNT and DTAB do not possess
a significant CD signal within the tested UV region. The measured
CD spectra were converted from a unit of millidegree (mdeg) to
a universally-comparable unit (mean-residue-molar-ellipticity,
deg cm2/dmol) using the following equation:

qM ¼
100,q,Mw

c,l,Nr
(4)

where qM is the mean-residue-molar-ellipticity in deg cm2/dmol; q

is the experimental ellipticity in mdeg; Mw is the molecular weight
of DNA in dalton; c is DNA concentration in mg/mL; l is cuvette path
length in cm; Nr is the number of residues of DNA.

As shown in Fig.11, the spectrum of the neat (uncomplexed) calf-
thymus DNA shows a typical B-type conformation with a long-wave
positive band at 275 nm and a short-wave negative peak at 245 nm
of comparable intensities, with the signal crossing over at the
absorption maximum (260 nm). However, the spectra for DNA/SD
and DNA/DTAB complexes at various weight ratios exhibit an
apparent shift of the two major bands. The decrease in intensity is
attributed to the variation in the DNA concentration in both
complexes. The change in molar ellipticity demonstrates that the
structure of DNA is disturbed by the interactions with DTAþ and
SWNT. In most cases, we observe a shift of negative and positive
bands to longer wavelengths with increasing weight ratio (SD:DNA



Fig. 11. Molar ellipticity of DNA obtained by CD spectroscopy in DNA/DTAB complexes
with weight ratio (DTAB:DNA) as a variable.
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or DTAB:DNA). We also note that the CD spectra of DNA in both
complexes change with concentration (DTAB or SD) but these
changes are not accompanied by the conformational transition from
B to A or B to Z form. A careful examination of the FTIR spectra shows
that the major marker band for the B-type DNA at 835 cm�1 exhibits
a small shift of about 5 cm�1 to higher wavenumber. This suggests
Fig. 12. Variation of (a) negative and (b) positive CD bands in DNA/DTAB (filled
symbols) and DNA/SD (open symbols) complexes as a function of weight ratio R
(DTAB:DNA or SD:DNA).
that the DNA remains in the B-type conformation [36]. Furthermore,
the characteristic band of the A-type DNA is known to have a strong
negative ellipticity signal at about 210 nm, but we see no evidence of
it in our experimental matrix that would suggest transition from B to
A or B to Z form [72]. We attribute the changes in the CD spectra to
the local perturbations in the DNA base geometry rather than the
alterations in the helical structure of DNA [73].

Finally, we examine the effect of hydrophobic interaction
between SWNT and DNA on the CD spectra. Fig. 12a and b shows
the peak position of positive and negative bands at 275 and
245 cm�1, respectively, as a function of weight ratio for the DNA/SD
and DNA/DTAB complexes. The location of both peaks is shifted to
longer wavelength in DNA/DTAB than DNA/SD complex, suggesting
that the CD spectra are affected more by DTAþ in the absence of
SWNTs. The shift in the peak position demonstrates the role of
SWNTs during the complex formation qualitatively but does not
contradict the FTIR results because the CD spectra depend on the
charge ratio, complex size, degree of DNA compaction and other
factors, under circularly polarized light. It is fair to say, however,
that the association of SWNT with DTAB makes a difference in the
degree of disturbance of the DNA secondary structure.

4. Conclusions

We have completed an investigation of molecular interactions
and dynamics in bio-nano complexes of DNA with: 1) cationic
surfactant (DTAB), and 2) DTAB wrapped single-walled carbon
nanotube (SWNT). These two complexes are denoted as DNA/DTAB
and DNA/SD, respectively.

Binding of DTAB to DNA was confirmed by infrared spectros-
copy. The extent of binding depends on the DTAB concentration and
the spectra reveal a shift to higher wavenumber and a decrease in
intensity of all major DNA absorption bands in both complexes. The
calculated binding constants for absorptions at 1709 and 1086 cm�1

were higher for DNA/SD than DNA/DTAB complex. The higher
affinity of SD than DTAB toward DNA is the consequence of elec-
trostatic interaction and topology. The micelle-like topology of SD,
where DTAB molecules emanate radially and outward from the
nanotube surfaces increases the number of potential binding sites.

The time scale of the dielectric response in both DNA complexes
decreases with increasing SD or DTAB concentration, goes through
a minimum and then increases. Apparently there exists a specific
weight ratio where the process is fastest. This is an interesting
finding that we attribute to the variation in non-uniformity of the
counterion cloud that surrounds the complex. Fastest relaxation
occurs at the highest polarizability and the induced dipole moment.
The gradual decrease of binding energy with increasing weight
ratio indicates that the binding of DTAB or SD to DNA is favored
leading to lower activation energy and a more stable complex.

The role of SWNTs in binding interactions is evident from the
measurements of the zeta potential and the hydrodynamic diam-
eter. The major difference in the zeta potential between DNA/DTAB
and DNA/SD complexes at higher weight ratio is attributed to the
fact that the free DTAB molecules do not contribute to the positive
zeta potential but SD do. At a low weight ratio some SWNTs
dissociate from the SD complex and interact with the DNA end base
pair planes hydrophobically. Larger hydrodynamic diameter of
DNA/SD (than DNA/DTAB) complex at lower weight ratio supports
the tenet that SWNTs interact with the DNA end groups. In addi-
tion, a much larger size of the DNA/SD (than DNA/DTAB) complex at
the iso-electric point suggests that the electrostatic attractions
between SD and DNAs are stronger than the hydrophobic interac-
tions between the DTAB bi-layers resulting in the SWNT mediated
growth of the complex. This implies that the overall complex
formation is electrostatically controlled.
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The secondary structure of DNA is disturbed by the interaction
with DTAþ as well as SWNT. However, there is no evidence of the
conformational transition from type B to other types indicating that
these spectral changes are due to the local perturbations in DNA
base geometry rather than the alterations in the helical structure of
DNA. Interestingly, the CD spectra of DNA are more affected by
DTAþ in the absence of SWNTs suggesting that the association of
SWNT with DTAB makes a difference regarding the perturbation of
the DNA secondary structure.
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