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Abstract A new surfactant cobalt(III) complex, cis-[-
Co(dpqc)2(DA)2](ClO4)3, where dpqc = dipyrido[3,2-a:2′,4′-
c](6,7,8,9-tetrahydro)phenazine and DA = dodecylamine, has
been synthesized and characterized by elemental analysis,
UV-Visible, IR and NMR spectra. The critical micelle con-
centration (CMC) value of this surfactant cobalt(III) complex
in aqueous solution was obtained from conductance measure-
ments. The conductivity data (at 303, 308, 313, 318 and
323 K) were used for the evaluation of the temperature-
dependent CMC and the thermodynamics of micellization
(ΔG0

m, ΔH0
m and ΔS0m). Absorption, fluorescence, cyclic

voltammetry, circular dichroism and viscosity experiments
have been carried out to study the interaction of the surfactant
cobalt(III) complex with DNA and RNA. The results suggest
that the complex can bind to nucleic acids by intercalation via
both the dpqc ligand and the long aliphatic chain of the
complex into the base pairs of DNA/RNA. In vitro cytotoxicity
experiments show that the surfactant cobalt(III) complex ex-
hibits cytotoxic activity against the HepG2 (human hepatocel-
lular liver carcinoma) tumor cell lines and found to be active.

Keywords Surfactant cobalt(III) complex . Critical micelle
concentration . DNA . RNA . Anticancer . Intercalation .

Hydrophobicity

Introduction

During the past decade, there has been tremendous interest in
studies pertaining to the interaction of various transition metal
complexes with nucleic acids [1–3]. Deoxyribonucleic acid
plays an important role in the life process, because it bears
heritage information and instructs the biological synthesis of
proteins and enzymes through the replication and transcription
of genetic information in living cells. DNA is a particularly
good target for metal complexes as it offers a wide variety of
potential metal binding sites [4, 5]. Such sites include the
electron rich DNA bases or phosphate groups that are available
for direct covalent or coordination to the metal center. There
are non-covalent binding modes as well, such as hydrogen
bonding and electrostatic binding to grooved regions of the
DNA and intercalation of planar aromatic ligands into the
stacked base pairs. Due to unusual binding properties coordi-
nation compounds are suitable candidates as DNA secondary
structure probes and antitumor drugs [6]. RNA is a versatile
molecule that plays essential roles in many biological process-
es, and consequently, it is an attractive target for potential
therapeutics. The structure diversity present in RNA molecule
has led to specific drug recognition sites. It is currently admit-
ted that RNA plays a key role in many biological processes
involving living cells and is considered as the essential regu-
lator of many steps of gene expression [7]. Furthermore, many
viruses such as HIV, HCV, influenza and flaviviruses are
encoded by a unique RNA molecule that serves as the main
genetic material. Therefore, metal complexes that bind to RNA
and disturb RNA functions could be powerful tools for under-
standing and controlling gene expression [8]. Many useful
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applications of these complexes require that the complex binds
to nucleic acids through an intercalative mode. However, the
majority of such studies have been focused on complexes of
ruthenium, and to a far lesser extent, on other metal complexes.
Much attention has been paid to the complexes containing
symmetric aromatic ligands such as 1, 10-phenanthroline and
its derivatives. Some of these complexes exhibit interesting
properties upon binding to DNA [9–11]. Aromatic ring stack-
ing between nucleobases is considered to be a major driving
force for these bindings, which depends on the size and elec-
tron density of the interacting aromatic rings, as well as on the
combined effect of hydrophobic and hydrophilic interactions.

Studies of complex formation between DNA and a cationic
amphiphilic molecule have implications for gene therapy, a
conceptually new approach for the treatment of human disease
[7], which is rapidly progressing from basic research to clin-
ical applications [12]. In gene-therapy, DNA-cationic surfac-
tant complexes are very useful. Due to the polyanionic nature
of DNA, its diffusion through the eukaryotic cell is difficult.
To remove such difficulties, various synthetic gene transfer
vectors, e.g. cationic lipids and related surfactants, have been
recently developed [13–15]. Properties such as structure, ther-
modynamics, and morphology of cationic lipid-DNA com-
plexes have been widely investigated by a variety of methods
[16–20]. These studies shows that variations in length, degree
of unsaturation, flexibility, and chemical structure of the lipid
chain and the nature of the counter ion can have large effects
on the interaction process and transfection efficiency. A
change or replacement of the surfactant with another amphi-
phile having different molecular structural features may bring
back high transfection efficiency [21–26]. The elucidation of
the optimal transfection recipe for any given cell line therefore
appears to require a prior knowledge of the surfactant. This in
turn necessitates clear understanding of the nature of interac-
tion between various surfactants and DNA. Several surfac-
tants also find utility in the purification of DNA through
precipitation [27–29]. Recently, cationic surfactants are
shown to induce coil to globular transition of DNA and this
has been demonstrated by using fluorescence microscopy
[30]. Modeling of electrostatic, hydrophobic, and hydration
forces in such interactions has also been widely studied [31].

A variety of mixed ligand cobalt(III) complexes having
phenanthroline ligand and its derivatives serve as bioinorganic
model compounds [32]. They exhibit antiviral activities by
their interaction with nucleic acid templates and inhibit provi-
ra l DNA synthes i s . J i e t a l . have syn thes ized
cis-[Co(phen)2(pdtb)]

3+ (phen=1,10-phenanthroline and
pdtb=3-(pyridine-2-yl)-5,6-diphenyl-as-triazine) and its bind-
ing properties to calf thymus DNA indicate that the size and
shape of the intercalated ligand pdtb had a marked effect on
the binding affinity of the complex to DNA [33–36]. Al-
though some experimental investigation on RNA-metal com-
plex interactions have been carried out during the past decade

as described above, many questions still need to be answered for
a better understanding of the mechanisms and the biological
implications of the interactions. One of the questions is that how
the structures of nucleic acid affect the binding behaviours of
metal complexes. It is well known that yeast tRNA is different
from calf thymus DNA (CT DNA) not only in composition of
bases, but also in structure. CT DNA is a B form configuration,
while yeast tRNA has A form configuration with a L-shaped
structure. Therefore, a comparative study of the interactions of
metal complexes with yeast tRNA and CT DNAwill be really
important for understanding the mechanism of the interactions
and the biological impact of metal complexes.

Cobalt is recognized as an essential metal element widely
distributed in the biological systems such as cells and body,
and the interaction of cobalt(III) complexes of diimine [37,
38] and polypyridyl ligands [39, 40] with DNA has attracted
much attention [41–43]. Hence, investigation of cobalt(III)
complexes containing substituted phenanthroline ligand is of
importance in the search for more effective drugs. Recently,
we have reported synthesis, structure, DNA binding properties
and cytotoxic activity of a series of surfactant cobalt(III)
complexes with bipyridine, and phenanthroline ligands, and
found that the complexes have good DNA binding properties
and antitumour activities [44–46]. As continuation of our
work, herein, we present synthesis, structure, CMC determi-
nation, antitumor activities, and DNA/RNA interaction of a
surfactant cobalt(III) complex with modified phenanthroline
(dpqc) ligands. The results should be valuable in understand-
ing the interaction mode of the complex with DNA. Also, the
cytotoxicity of this complex has been evaluated byMTTassay
method (MTT=(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-
tetrazolium bromide) and some staining experiments.

Experimental

Materials and Methods

Calf Thymus (CT) DNA, yeast (t-RNA) and ethidium bromide
were purchased from Sigma-Aldrich, Germany, and used as
received. The nucleic acid binding experiments were per-
formed at 25.0±0.2 °C. A solution of calf thymus DNA in
the buffer gave a ratio of UVabsorbance at 260 and 280 nm of
~1.8–1.9:1, indicating that the DNAwas sufficiently free from
protein [47]. The DNA concentration per nucleotide was de-
termined by electronic absorption spectroscopy using the
known molar extinction coefficient value of 6,600 M−1 cm−1

and 9,250 M−1 cm−1 respectively for DNA and RNA at
260 nm [48]. Stock solutions were stored at 40 C and used
within 4 days. All the experiments involving the interaction of
the surfactant cobalt(III) complex with nucleic acids were
carried out with twice distilled water in buffer containing
5 mM Tris–HCl/50 mm NaCl at pH 7.0.
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Physical Measurements

CHN analysis of the sample was carried out at CECRI (Cen-
tral Electro Chemical Research Institute), Karaikudi, India.
Absorption spectra were recorded on a Shimadzu UV-
3101PC spectrophotometer using cuvettes of 1 cm path
length, and emission spectra were recorded on a JASCO FP
770 spectrofluorimeter. Cyclic voltammetry measurements
were made on Princeton EG and G-PARC model potentiostat.
Circular dichroism spectra were recorded on a JASCO J-716
spectropolarimeter equippedwith a peltier temperature control
device. Thermal denaturation studies were recorded on a
Shimadzu UV-3101PC spectrophotometer using cuvettes of
1 cm path length with temperature controller of Peltier system.
Conductivity studies were done in aqueous solutions of the
complex with an Elico conductivity bridge type CM 82 and a
dip type cell with a constant of 1.0.

Syntheses of Modified Phenanthroline Ligand

The modified phenanthroline ligand, dipyrido[3,2-a:2′,4′-
c](6,7,8,9-tetrahydro)phenazine (dpqc) was synthesized from
the starting material 1,10-phenanthroline-5,6-dione according
to the reported procedures [49–55].

1,10-phenanthroline-5,6-dione

Four grams of 1,10-phenanthroline and 4 g of KBr were added
to ice cold mixture containing conc.H2SO4 (40 ml) and conc.
HNO3 (20 ml). The mixture was heated to reflux for 3 h and
the hot solution was poured over 500 ml of ice cold solution
and neutralized with NaOH until neutral to slightly acidic pH.
From this solution the titled compound was extracted with
chloroform and then the chloroform solution was evaporated
in a rotary evaporator at 40 °C until a yellow solid was
separated out. This solid was recrystallized from methanol.

Dipyrido[3,2-a:2′,4′-c](6,7,8,9-tetrahydro)phenazine (dpqc)

A mixture of 1,10-phenanthroline-5,6-dione (4.8 mmol) and
2-diaminocyclohexane (6.3 mmol) in ethanol (120 ml) was
refluxed for 2 h. The resulting yellow solution was reduced in
volume by rotary evaporation at 50 °C until a pale yellow
solid was separated out. This solid was filtered off and recrys-
tallized frommethanol to give pale yellow needles of the titled
complex.

Syntheses of Complex

Cis-[Co(dpqc)2Cl2]Cl

To a refluxed methanolic solution of the ligand, dipyrido[3,2-
a:2′,4′-c](6,7,8,9-tetrahydro)phenazine (10 mM), anhydrous

cobalt chloride (5 mM) in methanol (10 ml) was added while
hot. The solution then turned from yellow to dark brown.
Chlorine gas (generated by mixing potassium permanganate
and concentrated hydrochloric acid) was passed through the
solution. A dark brown precipitate separated out and it was
then dissolved in 10−3 M hydrochloric acid (50 ml) by
warming at 600 C for 30 min. To this, a solution of 4 M
hydrochloric acid (20 ml) was added and the mixture was
kept as such for overnight. The resulting crystalline complex
cis-[Co(dpqc)2Cl2]Cl was filtered off, washed with ethanol
and dried under vacuum over CaCl2.

cis-[Co(dpqc)2(DA)2](ClO4)3

The surfactant cobalt(III) complex (Scheme 1) synthesized as
follows. To a solution of three grams of cis-[Co(dpqc)2Cl2]Cl,
a slightly more than the calculated amount of dodecylamine in
ethanol was added drop by drop over a period of 30 min. The
mixture was set aside at room temperature for 2 days. After-
wards a saturated solution of sodium perchlorate in perchloric
acid was added to it. Slowly a pasty solid mass separated
out and it was filtered, washed with small amounts of
alcohol followed by acetone, and then dried over air. The
semi-dried solid was further dried in a drying pistol over
fused calcium chloride and then stored in a vacuum
desiccator.

Elemental Analysis

The purity of the surfactant complex was checked by the
analysis of carbon, hydrogen, nitrogen and cobalt present in
them. C, H, and N analysis were carried out at CECRI (Central
Electro Chemical Research Institute), Karaikudi, India. The
cobalt content of the surfactant cobalt(III) complex was esti-
mated by the following Kitson’s method [56]. A known
weight of the complex was reduced with tin and concentrated
hydrochloric acid. The reduced aqueous cobalt(II) ion was
made up to 10 ml in a volumetric flask using 0.1 M perchloric
acid. Two millilitres of this solution and 1 ml of 50 % ammo-
nium thiocyanate solution were pipetted out into a 10 ml
volumetric flask and made up to the mark with acetone. The
absorbance of this solution was measured at 625 nm against a
blank reagent. From the absorbance, the concentration of
cobalt was calculated.

Determination of Critical Micelle Concentration (CMC)
Values

The critical micelle concentration value of the surfactant
cobalt(III) complex was determined by conductivity method.
Appropriate concentration range for surfactant cobalt(III)
complex was chosen in aqueous solution. The conductivity
cell was calibrated with KCl solutions in the appropriate
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concentration range and the conductivities were measured at
303, 308, 313, 318 and 323 K. The temperature of the ther-
mostat was maintained constant to within±0.01 °C. The con-
ductance was measured after thorough mixing and tempera-
ture equilibrating at each dilution. The establishment of equi-
librium was checked by taking a series of readings after 15-
min intervals until no significant change in the conductivity
was observed.

Nucleic Acid (NA) Binding Experiments

A constant concentration of surfactant cobalt(III) complex
was maintained for UV-Visible absorption measurements to
which increments of the nucleic acid stock solutions were
added. The solutions were allowed to incubate for
10 min before the absorption spectra were recorded. Equal
solution of nucleic acid was added to both complex solu-
tion and reference solution to eliminate the absorbance of
nucleic acid itself.

For fluorescence quenching experiments, nucleic
acids were pretreated with ethidium bromide (EB) for
30 min. Solutions of surfactant cobalt(III) complex was

added to this mixture and their effect on the emission
intensity was measured. The samples were excited at
450 nm and emission was observed between 500 and
700 nm.

For the cyclic voltammetry experiments, the electrode
surfaces were freshly polished with alumina powder and
then sonicated in ethanol and distilled water for 1 min
prior to each experiment and the electrode was rinsed with
doubly distilled water thoroughly between each polishing
step. Finally, each electrode was cleaned thoroughly in an
ultrasonic cleaner again with doubly distilled water. These
experiments were performed at 25.0±0.2 °C in a single
compartment cell with a three-electrode configuration,
glassy carbon working electrode, platinum wire auxiliary
electrode and saturated calomel as reference electrode
using tris buffer. Before experiments, all solutions were
deaerated with dry nitrogen gas for 10 min to remove
dissolved oxygen and kept under nitrogen atmosphere
throughout the experiments.

Viscosity experiments were carried out on an Ubbelodhe
viscometer, immersed in a thermostated water-bath main-
tained at 30±0.1 °C. DNA samples of approximately
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0.5 mM were prepared by sonication in order to minimize
complexities arising from DNA flexibility. Flow time was
measured with a digital stopwatch, and each sample was
measured three times and an average flow time was
calculated. Data were presented as (η/η0)

1/3 versus the
concentration of the surfactant cobalt(III) complex,
where η is the viscosity of DNA solution in the pres-
ence of the complex, and η0 is the viscosity of DNA
solution alone. Viscosity values were calculated from
the observed flow time of DNA solution containing
solutions (t>100 s) corrected for the flow time of the
buffer alone (t0): η=t - t0/t0 [57].

Circular dichroism experiments were recorded from 220–
320 nm at 25 °C using a quartz cell of 1 cm path length. Each
CD spectrum was collected after averaging over at least 4
accumulations using a scan speed of 100 nm min−1 and 1 s
response time. The region between 220 nm and 320 nm was
scanned for each sample. The spectra were recorded both in
the absence and in the presence of surfactant cobalt(III)
complex.

Biological Studies

Cytotoxicity Assay

The cytotoxicity of the surfactant cobalt(III) complex was
measured in the MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 5-
diphenyl tetrazolium bromide) assay as described earlier
[58]. The complex was first dissolved quantitatively in
dimethyl sulfoxide (DMSO, Sigma, USA) to make the
stock solution. Briefly, cells were seeded at a density of
5×104 HepG-2 liver cancer cells/well into 96-well plates.
After 24 h, the cells were treated with surfactant cobalt
(III) complex at various concentrations (10, 30, 60,
90 μg/ml) and incubated for 24 and 48 h as indicated.
At the end of the incubation, 10 μ l of 3-(4–5
dimethylthiozol-2-yl) 2–5 diphenyl-tetrazolium bromide
(MTT) (5 mg/ml) per well was added and incubated in
dark at 37 °C for 4 h. The formazan crystals formed after
4 h were solubilized in 100 μl of DMSO after aspirating
the medium. The absorbance was monitored at 570 nm
(measurement) and 630 nm using a 96 well plate reader
(Bio-Rad, Hercules, CA, USA). The IC50 value was de-
fined as the concentration of compound that produced a
50 % reduction of cell viability.

Evaluation of Apoptosis (Acridine Orange and Ethidium
Bromide Staining)

Acridine orange and ethidium bromide staining was
performed as described by Spector et al. [59] Twenty-
five microliters of cell suspension of sample (both at-
tached, released by trypsinization, and floating),

containing 5×105 cells, was treated with AO and EB
solution (one part of 100 mg/mL AO and one part of
100 mg/mL EO in PBS) and examined under a fluores-
cent microscope (Carl Zeiss, Germany) using an UV
filter (450–490 nm). Three hundred cells per sample
were counted in tetraplicates for each dose point. Cells
were scored as viable, apoptotic or necrotic as judged
by the staining, nuclear morphology and membrane
integrity, and percentages of apoptotic and necrotic cells
were then calculated. Morphological changes were also
observed and photographed.

Dye Preparation and Drug Preparation

The amount of 200 μL of dye mixture (100 μL/mg AO and
100 μL/mg EB in distilled water) was mixed with 2 mL cell
suspension (30,000 cells/mL) in 6-well plate. The suspension
was immediately examined and viewed under Olympus
inverted fluorescence microscope (Ti-Eclipse) at 200× and
400×magnification. We observed untreated cells as controls
and cells treated with testing material IC50 concentrations for
24 h of exposure.

Drug Treatments

HepG2 were seeded in a 24-well plate (50,000 cells per well).
After 24 h of cells incubation, the medium was replaced with
100 μL medium containing IC50 dose of testing material.
Untreated cells served as the control. After 24 h, aspirate the
media and treat with prepared dye and observe under the
fluorescent microscope.

Hoechst 33342 Staining

This procedure is very sensitive to cell concentration and pH
of the media. Cells should be approximately 1–2×106 ml, in
buffered media, pH 7.2. It is also helpful to include 2 % fetal
calf serum to maintain the cells.

Drug was added and incubated for 24 and 48 h.
Homogenously aspirated and spent media was removed
and 1 ml of saline was added and centrifuged at
1,500 rpm for 10 mins. The cells were stained with
0.5 mL of Hoechst 33342 solution (3.5μg/mL in PBS)
and incubated for 30 min at 37 °C incubator. After
30 min the Hoechst 33342 solution was discarded and
the cells observed at 490–520 nm of fluorescent micro-
scope. Time is a critical factor due to the transport of the
dye. Typically, 30 min is a minimum, but it is important
to remember that the signal may begin to degrade after
~120 min. It is recommended that the staining kinetics
be empirically defined. Analyze apoptosis under fluores-
cent microscope after incubation. Washing is not
recommended.
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Results and Discussion

Spectroscopic Characterization

The surfactant cobalt(III) complex synthesized in the present
study was characterized by UV–Vis, IR, and NMR tech-
niques. The purity of the complex was checked by Co, C, N,
H analysis, and the results were found to be in good agreement
with the calculated values. Element, % found (% calculated):
Co 4.48(4.39), C 55.64(55.34), N 10.64(10.78) and H
6.58(6.47). The electronic absorption spectra often provide
quick and reliable information about the ligand arrangement in
transition metal ion complexes [60, 61]. The UV-Visible ab-
sorption spectrum of this complex shows two distinctive
bands at 332 and 348 nm due to ligand-based π-π* bands.
Infrared spectroscopy is used to distinguish the mode of
coordination of the ligands with the central metal ion. The
IR bands, δ (C–H) 830, 731 cm−1, observed for dipyrido[3,2-
a:2′,4′-c](6,7,8,9-tetrahydro)phenazine are redshifted to 811
and 731 cm−1 in the surfactant cobalt(III)–dipyrido[3,2-
a:2′,4′-c](6,7,8,9-tetrahydro)phenazine complex.. These shifts
can be explained on the basis of the fact that the nitrogen
atoms of the ligands dipyrido[3,2-a:2′,4′-c](6,7,8,9-
tetrahydro)phenazine donate pair of electrons to the central
cobalt metal, forming a coordinate covalent bond [62]. Be-
sides, it is also confirmed by the shift of γ (C=N) of
dipyrido[3,2-a:2′,4′-c](6,7,8,9-tetrahydro)phenazine from
about 1,460 cm−1 in the free ligand to 1,413 cm−1 after
coordination [63]. For the surfactant cobalt(III) complex, the
bands exhibit around 2,925 cm−1 and 2,853 cm−1 can be
assigned to C-H asymmetric and symmetric stretching vibra-
tions of aliphatic-CH2 group of dodecylamine. Also the per-
chlorate bands appeared around 1,100, 925, 620, and
450 cm−1 belong to an ionic species; this means that the
counter-ion of the complex is not involved in the cobalt-
ligand coordination [64].The methylene protons of the long
chain moiety (dodecylamine) gave rise to a multiplet at 1.2–
1.9 ppm, whereas the terminal methyl group of the hydrocar-
bon chain substituent gave a triplet around 0.9-0.7 ppm. The
aromatic protons of dipyrido[3,2-a:2′,4′-c](6,7,8,9-
tetrahydro)phenazine ligands at 8.4-9.7 ppm .

Critical Micelle Concentration Values (CMC)

The specific conductivity of the solutions of surfactant
cobalt(III) complex increases with the complex concentration
and temperature. When plots are made of specific conductiv-
ity versus concentration of the complex (SI Fig. 1), the slope is
reduced after a particular value of the concentration. This
particular value of concentration at which slope of the plot
changes shows micellization and this concentration is chosen
as CMC. The CMC values were determined at five different
temperatures (303, 308, 313, 318 and 323 K). At all

temperatures a break in the conductance versus concentration
in the plots, characteristic of micelle formation, was observed.
The CMC values were determined by fitting the data points
above and below the break to two equations of the form y=
mx+c and solving the two equations simultaneously to obtain
the point of intersection. Least-squares analysis was
employed, and the correlation coefficients were greater than
0.98 in all the cases. The conductivity measurements were
repeated three times and the accuracy of CMCvalues (Table 1)
was found to be within ±2 % error. It was observed that the
CMC values increased with increase in the temperature for a
given system. An increase in temperature will disrupt the
water surrounding the hydrophobic group leading to retarda-
tion of micellization. So CMC value increased with
temperature.

The CMC values for the surfactant cobalt(III) complex in
the present study are very low compared to that of the simple
organic surfactants [5, 65] like cetyltrimethylammonium bro-
mide (CMC 9.2×10−4 mol dm−3) and sodiumdodecylsulphate
(CMC 8.0×10−3 mol dm−3). Thus it is suggested that these
metal surfactant complex has more capacity to associate them-
selves forming aggregates (more than hundred times) com-
pared to those of ordinary synthetic organic surfactants. That
is introduction of a metal complex to the hydrophilic part of
the amphiphile has remarkably enhanced the ability of aggre-
gation of the surfactant.

Thermodynamics of Micellization

The study of dependence of CMC with temperature is often
undertaken to obtain information on various thermodynamic
parameters of micelle formation. The change in the CMCwith
temperature is generally analyzed in terms of the phase sepa-
ration or the equilibriummodel for micelle formation [66–68].
According to these models, the standard Gibbs free energy of
micelle formation per mole of monomer, ΔG0

m, is given by

ΔG0
m ¼ RT 2 −αaveð Þln CMC; ð1Þ

where R, T and αave are gas constant, absolute temperature
and average degree of micellar ionization (the micelle ioniza-
tion degree at the CMC is equal to the ratio between the slopes
of the nearly linear specific conductance versus [complex]
plots above and below the CMC) [34], respectively.

The enthalpy of micelle formation can be obtained by
applying the Gibbs–Helmholtz equation to Eq. (1)

ΔH0
m ¼ −RT2 2 −αaveð Þd lnCMC=dT: ð2Þ

From the Gibbs free energy and the enthalpy of micelle
formation, the entropy of micelle formation can be determined
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as,

ΔS0m ¼ ΔH0
m−ΔG0

m

� �
=T ð3Þ

The thermodynamic parameters thus obtained are shown in
Table 1. As seen from the table the Gibbs free energy of
micellization is found to be negative for the surfactant com-
plex indicates that the micellization process of all the systems
is spontaneous within the temperature range studied. Further
ΔS0m of micellization is positive for the complex. This pos-
itive values of ΔS0m for the surfactant cobalt(III) complex
indicate that the micellization of the surfactant complex in
aqueous solution is governed mainly by hydrophobic interac-
tion between the surfactant complex cations, resulting in the
breakdown of the structured water surrounding these cationic
head groups.

Nucleic Acid Binding Studies

Uv-Visible Absorption Studies

Metal complexes can bind to nucleic acids in different binding
modes on the basis of their structure and charge and type of
ligands. Titration with UV-visible spectroscopy is an effective
method to examine the binding mode of nucleic acids with the
metal complex since the observed changes of the spectra may
give evidence of the existing interaction mode [69, 70]. In
general, hypochromism along with red shift will be observed
in the case of the intercalative binding mode [71, 72]. Figure 1
and SI Fig. 1 show the UV-visible spectra of the surfactant
cobalt(III) complex, titrated with CT DNA and yeast tRNA.
As seen from Fig. 1 and SI Fig. 2 with increase of the
concentration of CT-DNA or yeast tRNA, the absorption
spectrum of the surfactant cobalt(III) complex shows strong
hypochromism and red shift. These observations for the sur-
factant cobalt(III) complex are confirmed by the following
observations. When the surfactant cobalt(III) complex inter-
calates the base pairs of CT-DNA, the π*-orbital of the inter-
calated substituted phenanthroline in the surfactant cobalt(III)
complex can couple with the π-orbital of the base pairs, thus
decreasing the π–π*transition energy and resulting in
bathochromism. Furthermore, the coupling π*-orbital is

partially filled by electrons, thereby decreasing the transition
probabilities and concomitantly resulting in hypochromism.
This observed strong hypochromism along with red shift may
be due to large strong hydrophobic interaction between the
modified phenanthroline along with the long aliphatic chain
amine ligands of the surfactant cobalt(III) complex and base
pairs of nucleic acids leading to strong intercalative binding
mode [72–74].

In order to elucidate quantitatively the affinity of the sur-
factant cobalt(III) complex to CT-DNA and yeast tRNA, the
intrinsic binding constant, Kb has been determined using the
equation [75],

NA½ �= εa−ε fð Þ ¼ NA½ �= εb−ε fð Þ þ 1=Kb εb−ε fð Þ

where, [NA] is the concentration of DNA or RNA
expressed in base pairs; εa, εf and εb are the extinction coef-
ficients of apparent, free and fully bound cobalt(III) complex.
A plot of [NA]/(εa-εf) versus [NA] gives Kb as the ratio of the
slope to intercept.

The characteristics of UV and visible spectrum, as well as
the binding constants obtained (Table 2) demonstrate that the
complex binds with tRNA more strongly than with CT DNA.
A possible explanation for this observation may be due to the
A-form configuration and the L-shaped tertiary structure of
yeast tRNA, in which the major groove, is wide and shallow,
thus its base pairs are well exposed and can be attacked by
complex easily. In addition, the surfactant cobalt(III) complex
may bind to the bugle region of yeast tRNA.

Further the binding constant of surfactant cobalt(III) com-
plex with nucleic acids at below their CMC values is lower
than that of at above their CMC values. At above cmc values
the surfactant complex present as both monomers as well as
micelles. In the micellar form due to aggregation, the proba-
bility for interaction of each complex molecule with nucleic
acids will be more.

The binding constants (Kb) of the surfactant cobalt(III)
complex is very much higher than that for the ordinary metal
complex containing the same modified phenanthroline ligand,
[Co(dpqc)2Cl2]Cl (Kb, 3.97×10

4 M−1) [76]. This indicates
that the long aliphatic chain amine ligand present in the
surfactant cobalt(III) complex plays a definite role in the
intercalative binding between the surfactant cobalt(III)

Table 1 CMC values of
[Co(dpqc)2(DA)2](ClO4)3 in
aqueous solution

Temperature CMC×107 -ΔG0
mic (kJ mol−1) -ΔH0

mic(kJ mol−1) TΔS0mic (kJ mol−1)

303 K 0.71 61.24 20.50 40.73

308 K 0.87 62.21 21.28 40.93

313 K 0.95 62.17 21.72 40.44

318 K 1.05 63.45 22.70 40.74

323 K 1.25 64.12 23.47 40.64
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complex and nucleic acids through their hydrophobic effect.
Such strategy should be valuable in understanding the DNA-
binding behaviors of this class of complexes as well as laying
a foundation for the design of powerful agents for probing and
targeting nucleic acids, providing insight into the field of
DNA interactions.

Thermal Studies and Thermodynamic Parameters
of the Binding

The DNA melting experiments are useful in confirming the
intercalative binding, because the intercalation of the complex
into DNA base pairs causes stabilization of base stacking and
therefore raises the melting temperature of the double-
stranded DNA[77]. It is well-accepted that when the temper-
ature of the DNA solution increases, the double-stranded
DNA gradually dissociates to single strands, generating a
hyperchromic effect in the absorption spectra of the DNA
bases. So the transition temperature for the conversion of of
double strands to single strand can be determined by monitor-
ing the absorbance of the DNA bases as a function of temper-
ature [78, 79]. Literature reports [49, 50], indicate that the
intercalation of metal complexes with CT DNA generally
results in a considerable increase of melting temperature
(Tm). The melting curves of CT-DNA in the absence and

presence of surfactant cobalt(III) complex are presented in
Fig. 2. Melting temperature (Tm) of CT DNA in buffer was
determined as 79.0±0.20 C under the experimental conditions.
The DNA intrinsic binding constant of the surfactant
cobalt(III) complex at Tm was calculated by using McGhee’s
equation (Eq. (4)) [80, 81], where T0m is the melting temper-
ature of CT-DNA alone, Tm is the melting temperature in the
presence of the cobalt(III) complex,ΔHm is melting enthalpy
of DNA (per base pair), R is the gas constant, K is the DNA-
binding constant at Tm, L is the free complex concentration
(approximated to the total complex concentration) at Tm, and
n is the size of the binding site.

1=T0
m−1=Tm ¼ R=ΔHmð Þ ln 1þ KLð Þ½ �1=n ð4Þ

By appropriately substituting the value of ΔHm

(6.9 kcal mol−1) and n (2.0) from the literature [53–55] for
CT DNA used in these studies under identical solution con-
ditions, the K values were determined for these surfactant
cobalt(III) complex and are shown in Table 3. As seen from
this table K values followed the same trends as observed
through uv-visible absorption studies.

Only few thermodynamic parameters such as free energy,
enthalpy and entropy changes upon binding of metal
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Fig. 1 Absorption spectra of complex in the absence (dotted lines) and in
the presence of increasing amounts of DNA (solid lines), [Complex]=
5.0×10−7 M (Below CMC), 5.0×10−4 M (Above CMC), [DNA]=0–

1.0×10−5M, Arrow shows the absorbance changes upon increasingDNA
concentrations. Inset: plot of [DNA]/ (εa – εf) versus [DNA]

Table 2 The intrinsic binding constants (Kb) and hypochromism (%) of the surfactant cobalt(III) complexes; [Complex]=5.0×10−7 M (below CMC),
[Complex]=5.0×10−4 M (Above CMC), [DNA]=0–1.8×10−5 M

Surfactant Cobalt(III) Complex Kb (M
−1) Hypochromism (%)

DNA RNA DNA RNA

Below
CMC

Above
CMC

Below
CMC

Above
CMC

Below
CMC

Above
CMC

Below
CMC

Above
CMC

Complex 3.6×106 4.8×106 5.1×106 5.7×108 34.91 38.71 44.82 41.40
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complexes to CT DNA have been measured. In fact, the
thermodynamic parameters of DNA-complex formation are
essential for a thorough understanding of driving forces of the
binding of metal complexes to DNA [82]. The change of
standard enthalpy was determined according to the van’t
Hoff’s equation (Eq. (5)). The changes of standard free energy
and standard entropy of the binding of all these complexes to
CT DNA were determined according to Eqs. (6) and (7),
where K1 and K2 are the DNA-binding constants of the
complex at the temperatures T1 and T2, respectively. ΔG0,
ΔH0, and ΔS0 are the changes of standard free energy, stan-
dard enthalpy, and standard entropy of the binding of the
complex to CT DNA, respectively.

ln K1=K2ð Þ ¼ ΔH0=R T1−T2=T1T2ð Þ ð5Þ

ΔG0 ¼ −RTlnK ð6Þ

ΔG0 ¼ ΔH0−TΔS0 ð7Þ

The value ofΔH0 obtained is −41.45 kJ mol−1 for complex
by substituting K1=5.70×10

5 M−1 (T1=298 K) and K2=
3.97×105 M−1 (T2=357 K) into Eq. (5). By substituting
K1=5.70×10

5 M−1 (T1=298 K) and ΔH0=−41.45 kJ mol−1

into Eqs. (6) and (7), ΔG0
298 K=−37.40 kJ mol−1 and ΔS0=

−13.58 J mol−1 K−1 at 250 C were arrived.
It is clearly observed from the above experimental results

that the complex formation between surfactant cobalt(III)
complex and CT DNA for this case was spontaneous with
negativeΔG0 values. Generally from the thermodynamic data

it is possible to find out the mode of interaction between small
molecules and DNA [83]. It is well known that if both ΔH0

and ΔS0 are shown positive it will indicate that hydrophobic
forces play a dominant role in the binding. IfΔH0 andΔS0 are
shown negative values then one can assume that van der
Waals and hydrogen bonding interactions are the predominant
forces of the binding. If ΔH0 is shown as positive but ΔS0 is
negative it is possible to assume that the interaction forces are
electrostatic. Making use of these information the type of
binding force between the surfactant cobalt(III) complex in
the present study and CT DNAwas found out. In the present
case, both ΔH0 and ΔS0 are shown negative indicating that
intercalative interactions are probably the main forces in the
binding of the investigated complex to CT DNA.

Competitive Binding Studies

To further verify the interaction mode between the surfactant
cobalt(III) complex and CT DNA, EB fluorescence displace-
ment assay was used. The intrinsic fluorescence intensity of
DNA is very low and that of EB in Tris–HCl buffer is also not
high due to quenching by solvent. However, on addition of
DNA, the fluorescence intensity of EB is enhanced by
intercalative binding to nucleic acid. A competitive binding
of the metal complex to nucleic acid can result in the reduction
of the emission intensity due to the decreasing of the binding
sites of nucleic acid available for EB [84] EB (=3,8-diamino-
5-ethyl-6-phenyl-phenanthridinium bromide) is a
phenanthridine fluorescence dye and is a typical indicator of
intercalation, forming soluble complexes with nucleic acids
and emitting intense fluorescence in the presence of CT DNA
due to the intercalation of the planar phenanthridinium ring
between adjacent base pairs on the double helix [85].
Bhattacharya and Mandal [86] have reported that the addition
of cationic surfactants to EB–DNA complex can result in
quenching of the fluorescence due to displacement of EB by
the surfactants. Recently, Zhao et al. [87] found that the
fluorescence quenching of EB–DNA by the Gemini surfactant
may be due to the replacement of the DNA intercalator, i.e.,
EB.

When surfactant cobalt(III) complex solutions are added to
nucleic acid pretreated with EB, the nucleic acid-induced
emission intensity of EB decreases (Fig. 3 and SI Fig. 3).
Addition of surfactant cobalt(III) complex has quenched the
EB emission by replacing EB bound to nucleic acid. The
binding was analyzed through Stern-Volmer equation, I0/I=
1+Ksv[Q], where I0 and I are the fluorescence intensities in the
absence and presence of the complex, respectively, Ksv is the
Stern-Volmer constant and Q is the concentration of surfactant
cobalt(III) complex [75]. A plot of Io/I vs. [Q] was drawn and
shows linear plots. The Ksv values were obtained (Table 3)
from slope. The observed quenching of DNA-EB fluores-
cence by surfactant cobalt(III) complex suggests that they
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displace EB from the DNA-EB complex and they can interact
with nucleic acid by the intercalative mode [88].

Cyclic Voltammetry Studies

The binding nature of surfactant cobalt(III) complex with
nucleic acids was further confirmed by cyclic voltammetry
experiments. Based on the shift of the formal potentials in the
cyclic voltammograms of metal complexes the relative bind-
ing affinities and binding modes of the metal complexes with
DNA can be determined [89]. The typical cyclic voltammo-
grams (CV) of surfactant cobalt(III) complex in the absence
and presence of nucleic acids are shown in Fig. 4 and SI Fig. 4
and the peak potentials are provided in the SI Table 2 and 3 .
When nucleic acid is added to a solution of the surfactant
cobalt(III) complex both the anodic and cathodic peak current
heights of the complex is decreased in the same manner of
increasing additions of nucleic acids, (Fig. 4 and SI Fig. 3).
Also during nucleic acids addition the anodic peak potential
(Epa), cathodic peak potential (Epc), and E1/2 (calculated as the
average of Epc and Epa) all showed positive shifts. These
positive shifts are considered as evidences for intercalation
of the complex into the nucleic acids. Had the molecule bound
electrostatically to the negatively charged deoxyribose-
phosphate backbone of DNA, negative peak potential shifts
should have been detected. Therefore, the positive shift in the
CV peak potentials of complex is indicative of intercalative

binding mode of the complex with nucleic acids [90]. Thus,
the electrochemical results are in agreement with the spectral
studies, reinforcing the conclusion that the surfactant
cobalt(III) complex binds to CT DNA in an intercalation
mode.

Viscosity Studies

In order to prove conclusively the intercalative nature of the
interaction between the surfactant cobalt(III) complex and
nucleic acids viscosity measurements were carried out on
DNA/RNA solution both in presence and absence of surfac-
tant cobalt(III) complex. Spectroscopic data are necessary, but
not sufficient to support for intercalative binding mode. Hy-
drodynamic measurements which are sensitive to length in-
creases (i.e. viscosity, sedimentation, etc.) are regarded as the
least ambiguous and the most critical tests of binding in
solution in the absence of crystallographic structure data
[91]. A classical intercalation mode can cause a significant
increase in viscosity of DNA/RNA solution due to increase in
separation of base pairs of nucleic acids at intercalation sites
and hence an increase in overall nucleic acid contours length.
By contrast, a partial and/or non-classical intercalation of a
complex to the DNA helix will reduce its effective length and
in turn, the solution viscosity [92]. The effect of the surfactant
cobalt(III) complex on the viscosity of nucleic acid solution is
given in SI Fig. 5. As illustrated in this figure, with increasing

Table 3 TheMelting Temprature
(ΔTm) and Stern-Volmer constant
(KSV) of surfactant cobalt(III)
complex with CT DNA. [EB]=
2×10−5 M, [DNA]=1×10−4 M,
[Complex]=0–1.43×10−6

Surfactant Cobalt(III) Complex Ksv×10
3 M−1 ΔTm (±0.2 °C) Binding Constant

(M−1)

DNA RNA DNA DNA

Complex 8.81 9.89 15 1.55×106
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Fig. 3 Emission spectra of EB bound to DNA: in the absence and in the
presence of the surfactant cobalt(III) complex. [DNA]=1×10−4 M; [com-
plex]=5×10−4 M

500 0 -500 -1000 -1500
-150

-100

-50

0

50

100

I, 
A

E, mV

Complex + DNA
Complex
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concentration of surfactant complex the relative viscosity of
nucleic acids increases steadily, proving that surfactant
cobalt(III) complex binds to nucleic acids by intercalation.
Thus, the results of viscosity studies further validate those
obtained from electronic absorption titration, fluorescence
titration, and electrochemical titration.

The most direct evidence for the actual binding of the DNA
with surfactant cobalt(III) complex might come from X-ray
crystallographic studies. Unfortunately, all our efforts to grow
crystals of the system for the surfactant cobalt(III) complex
intercalating into CT DNA suitable for X-ray structure deter-
mination have been unsuccessful. However, based on the
above discussion of the electronic absorption titration, thermal
denaturation, EB fluorescence displacement experiment, elec-
trochemical titration, and viscometry measurement, one can
conclude that the intercalation is the most probable binding
mode between the surfactant cobalt(III) complex and CT
DNA.

Circular Dichroism Studies

Circular dichroism studies were conducted in order to deter-
mine the extent of change in conformation of DNA upon
binding of complexes. The B form conformation of DNA
shows two conservative CD bands in the UVregion, a positive
band at 278 nm due to base stacking and a negative band at
246 nm due to polynucleotide helicity as seen in Fig. 5 and SI
Fig. 6. The CD spectrum of nucleic acid was monitored in the
presence of increasing amounts of surfactant cobalt(III) com-
plex. The positive band showed increase in molar ellipticity
with a red shift of the band maxima when the concentration of
each complex was progressively increased. This increase in
intensity with a red shift in positive bands suggests that the

surfactant cobalt(III) complex bind to nucleic acids via inter-
calation. In general, the intercalating molecules show increase
in CD band intensity and red shift. If the complex binds via
non-intercalating mode such as groove or electrostatic bind-
ing, they won’t show any shift or small changes in CD band.

Cytotoxity Studies

MTT Assay

We examined the cytotoxicity of the effects of the surfactant
cobalt(III) complex on cultured HepG2 liver cancer cells by
exposing cells for 24 and 48 h to the medium containing the
complex at 10-90 μg/mL concentration. In vitro antitumor
activity of the complex was determined according to the
percentage of nonviable cells (%NVC) which was calculated
by the following equation:

NVC% ¼ numberof NVC=total numberof cells½ � � 100

The results of these experiments are shown in SI Table 3.
As shown in table increasing the concentration of surfactant
cobalt(III) complex was accompanied by progressive decrease
in the VC %. This is due to the fact that by increasing the
concentration of cationic surfactant complex the adsorption of
ions on cell membranes increases, leading to increase in
penetration and antitumor activity.

The inhibition of cell viability percent showed that the
surfactant cobalt(III) complex is the most active one
(24 h) at a concentration of 90 μg/ml, the VC % reaching
up to 7.2 for surfactant complex. This means that the drug
at this concentration causes the death of most of the tumor
cells. For 24 h treatment period, higher concentrations of
the complex were required to kill the cells whereas for
48 h treatment the cell killing occurred at lower concen-
trations. The results of the cytotoxic activity on human
tumor cell lines was determined according to the dose
values of drug exposure required to reduce survival in
the cell lines to 50 % (IC50). The IC50 value of the
complex was slightly higher for the 24 h treatment
groups, i.e., in the range of 7.2–90 μg/mL, whereas for
the 48 h treatment groups the IC50 value fell in the range
of 5.4–90 μg/mL. It should be noted that the action of the
complex as antitumor agents is found to be dependent on
the type of tumor cell line tested but, as shown from the
results, surfactant cobalt(III) complex show excellent cy-
totoxic activity against tumor cell lines and, at very low
concentrations, reduces the survival to 50 %. This is due
to the fact that cobalt complex have a capacity to reduce
the energy status in tumors as well as to enhance tumor
hypoxia, which also influences their antitumor activities.
It may be also concluded that the level of cellular damage
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inflicted by these complex depends on the nature of their
axial ligands. It is known that phenanthroline-containing
metal complexes have a wide range of biological activities
such as antitumor, antifungal, apoptosis [93, 94] and
interaction with DNA inhibiting replication, transcription
and other nuclear functions and arresting cancer cell pro-
liferation so as to arrest tumor growth. In general, the high
selectivity of action by redox-active cobalt complex upon
tumors is due to their specific reactivity [95]. From this
results, surfactant cobalt(III) complex seems to offer
promise due to the high electron affinity of the metal
(which increases its ability to bind DNA) and the ready
reducibility of the compounds [96].

Fluorescence Microscopic Analysis of apoptotic cell death
(AO and EB staining)

AO/EB staining adopting fluorescence microscopy also
revealed apoptosis from the perspective of fluorescence.
After HepG2 liver cancer cells were exposed to the
concentrations of surfactant cobalt(III) complex for
24 h. In this study, we used acridine orange/ethidium
bromide (AO/EB) double staining assay [97]. Acridine
orange is taken up by both viable and nonviable cells

and emits green fluorescence if interrelated into double
stranded nucleic acid (DNA) or red fluorescence if
bound to single stranded nucleic acid (RNA). Ethidium
bromide is taken up only by nonviable cells and emits
red fluorescence by intercalation into DNA. We distin-
guished four types of cells according to the fluorescence
emission and the morphological aspect of chromatin
condensation in the stained nuclei: (1) viable cells
showing light green fluorescing nuclei with highly or-
ganized structure; (2) early apoptotic cells having bright
green fluorescing nuclei with chromatin condensation
and nuclear fragments; (3) late apoptotic cells having
orange to red fluorescing nuclei with condensed or
fragmented chromatin; and (4) necrotic cells having
red fluorescing without chromatin fragmentation. Viable
cells have uniform bright green nuclei with organized
structure. Apoptotic cells have orange to red nuclei with
condensed or fragmented chromatin. Necrotic cells have
a uniformly orange to red nuclei with condensed struc-
ture (Fig. 6). Our results indicate that the surfactant
cobalt(III) complex induced apoptosis at the concentra-
tions evaluated, in agreement with the cytotoxic results.
The results suggest that the complex treatment caused
more cells to take to death in HepG2 liver cancer cells.

Fig. 6 Photomicrographs of control and AO and EB stained HepG2 liver
cancer cells incubated for 24 h with surfactant cobalt(III) complex. A.
Untreated control cells. B. surfactant cobalt(III) complex treated control

cells.; Viable (light green), early apoptotic (bright green fluorescing), late
apoptosis (red to orange fluorescing) and necrosis (red fluorescing) cells
were observed. Magnification at 20×

Fig. 7 Surfactant cobalt(III) complex induces apoptosis in HepG2 liver
cancer cells. Representative fluorescent micrographs of HepG2 liver
cancer cells stained with Hoechst 33258 fluorescent dye after the

compound exposure for 24 and 48 h. A Untreated control cells; B, C
surfactant cobalt(III) complex treated control cells. B-24 h; C-48 h.
Magnifications at 20×
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Apoptosis Detection Hoechst 33342 DNA Staining

It is possible to perform apoptosis detection assay with
Hoechst 33342 (Sigma B-2262), but the increase in fluores-
cence seen in the apoptotic cells may be less dramatic.
Hoechst dyes can also be obtained from Molecular Probes.
H3342 is a “vital” DNA stain that binds preferentially to A-T
base-pairs. The cells require no permeabilization for labeling,
but do require physiologic conditions since the dye internali-
zation is an active transport process. This condition typically
varies among cell types (Stander et al. 2009). The procedure
for Staining and analysis of cells using Hoechst 33342
(H342): To investigate if HepG2 liver cancer cells were trig-
gered to undergo apoptosis due to the exposure of surfactant
cobalt(III) complex, morphological changes of apoptosis was
performed in the treated cells by Hoechst 33342 staining.
Apoptosis is one of themajor pathways that lead to the process
of cell death [98]. After the cells were treated with IC50

concentrations of all the surfactant cobalt(III) complex (10–
90 μg/mL) for 24 and 48 h the cells were observed for
cytological changes adopting Hoechst 33342 staining. The
observations revealed that the complex brought about cyto-
logical changes such as chromatin fragmentation,
binucleation, cytoplasmic vacuolation, nuclear swelling, cy-
toplasmic blabbing and late apoptosis indication of dot-like
chromatin and condensation (Fig. 7) whereas untreated cells
did not show such changes. Data collected from the manual
counting of cells with normal and abnormal nuclear features.
Both apoptotic and necrotic cells increased in dose-dependent
manner. These data clearly indicated that higher doses of all
the surfactant cobalt(III) complex resulted in remarkable chro-
matin condensation and nuclear fragmentation in HepG2 liver
cancer cells.

Conclusions

The synthesis and characterization of a new surfactant
cobalt(III) complex, cis-[Co(dpqc)2(DA)2](ClO4)3 has been
reported. As in our previous reports [44, 73], the critical
micelle concentration value of this surfactant cobalt(III) com-
plex is 0.7×107 M−1 and it has more capacity to associate
forming aggregates, than ordinary synthetic organic surfac-
tants. The nucleic acid binding property of the complex was
investigated by electronic absorption, fluorescence, cyclic
voltammetry and viscosity measurements. The binding to-
wards nucleic acids reveal that the surfactant cobalt(III) com-
plex interacts with nucleic acid by intercalation. In vitro
cytotoxic activities suggest that the surfactant cobalt(III) com-
plex is active against human liver carcinoma cancer cell line.
Comparing the nucleic acid binding properties and in vitro
anticancer activities with the previous surfactant cobalt(III)

complexes reported by us, it is obvious that the modified
phenanthroline ligands in the more hydrophobic systems in-
fluence the structure and DNA-binding ability. Activities of
the surfactant cobalt(III) complex to cancer cell lines are in
accord with their nucleic acid-binding abilities, suggesting
that the cytotoxic activities of this surfactant cobalt(III) com-
plex may be associated with or originate from their ability to
intercalate the base pairs of DNA. The present investigation
shows that the modified phenanthroline ligand containing
surfactant systems can create interesting differences in the
configuration and electron density distribution, which result
in differences in DNA and RNA-binding behaviors and cyto-
toxic activities. This strategy should be valuable in under-
standing the DNA and RNA binding properties of the surfac-
tant cobalt(III) complex as well as laying a foundation for the
design of powerful agents for probing and targeting nucleic
acids.
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