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Abstract: In this contribution, the interaction between 

[(η
6
-p-cymene)Ru(benzaldehyde-N

4
-phenylthiosemicarbazone)Cl]Cl anticancer drug and calf 

thymus DNA (ctDNA) was investigated systematically by using multispectroscopic and 

electrochemical methods along with viscosity measurement and DNA melting technique. The 

absorption spectra of drug with ctDNA showed slight blue shift and weak hypochromic effect. 

The relative viscosity and the melting temperature of ctDNA all increased after the addition of 

drug. Using berberine (BH) as fluorescence probe, this drug statically quenched the fluorescence 

of ctDNA−BH complex, and hydrogen bonding and van der Waals interactions played important 

roles in such interaction. All the competitive experimental evidences indicated that the binding 

mode of drug with ctDNA was intercalative binding. The influences of ionic strength, chemical 

denaturants, hyperthermia and pH on the binding of drug with ctDNA were also investigated. The 

results of FT−IR and CD spectra indicated that the B-form conformation of ctDNA was constant 

even after the binding interaction of drug with G−C base pairs of ctDNA. The results of 

electrochemical experiments further verified the intercalative interaction between ctDNA and drug. 

All these results indicated that the biological activity of ctDNA was affected by 

[(η
6
-p-cymene)Ru(benzaldehyde-N

4
-phenylthiosemicarbazone)Cl]Cl anticancer drug 

dramatically. 

 

Keywords: Ruthenium anticancer drugs; Calf thymus DNA; Spectroscopy; Intercalative binding; 

Thermodynamic parameter 
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1. Introduction 

It is well-known that deoxyribonucleic acid (DNA) contains genetic instructions for the 

development and functioning of living organisms. DNA is quite often the main target molecule 

that exists in many carcinogens, steroids and several classes of drugs. Consequently, the 

recognition and characterization of the interaction between small molecules and DNA become 

much more important since such research can provide valuable information for the development 

of effective therapeutic agents in controlling DNA replication and gene expression.
1−3

 Therefore, 

the investigation of the interaction between DNA and small molecules of biological importance, 

especially drug molecules, have become an active and important subject in many research fields 

recently.
4−6

 It is widely reported that most of small molecules can easily bind to DNA mainly 

through three different non-covalent modes: electrostatic attractions, groove-binding and 

intercalative binding.
7
 Electrostatic binding often take place on the surface of DNA, while 

groove-binding is related to the grooves in DNA double helix. In addition, intercalation involves 

the gap between the stacked base pairs being opened up and a planar aromatic molecule inserting 

into the bases above and below, which result in the lengthening and unwinding the helix of 

DNA.
8−10

 Although some active small molecules can interact with DNA directly, the detailed 

influencing factors among these interactions are quite complex. Thus, the investigation of the 

interaction modes and the kinetic mechanism between different kinds of small molecules and 

DNA are very significant and meaningful to the research of DNA structure after drug binding, also 

to the rational design and exploitation of novel efficient drugs targeted to DNA, and so forth.
11,12

 

Due to their specific anticancer, antitumor, antiviral and antibacterial activities, Ru(II) arene 

complexes of thiosemicarbazone (TSC) with the half-sandwich-type structure have attracted great 

attention by biochemists and have been widely researched by chemists and medical scientists.
13−16

 

Ru(II) arene complexes of TSC anticancer drugs exhibit higher antitumor activity and lower 

toxicity than platinum drugs, which make them have progressed into potential anticancer drugs of 

the near future.
17−19

 The bioactivity effects of some Ru(II) arene complexes are exerted by the 

inhibition of the replication and amplification of DNA, which lead to the death of cancer cells.
20,21

 

Recently, [(η
6
-p-cymene)Ru(benzaldehyde-N

4
-phenylthiosemicarbazone)Cl]Cl is regarded as a 

novel anticancer drug with lower IC50 values for human cancer cell lines, which heralds its further 
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potential application in medicinal chemistry and clinical medicine.
22,23

 Because of the potential 

biomedical applications of Ru(II) arene complexes with TSC ligands, more and more researchers 

are interested in the investigation of their interaction with biomacromolecules. The investigation 

of the binding interaction between these bioactive molecules and their target DNA has been an 

active area of the research, which can help us to deeper understand the anticancer mechanism of 

these drugs, together with directional design and efficient synthesis of novel and effective drugs 

against several diseases. Hence, the detailed investigations of the interaction between Ru(II) arene 

complexes with TSC ligands and DNA are very urgent and quite significant. 

Until now, many techniques are applied to the research of interaction between different 

bioactive molecules and DNA, including spectroscopy,
24−26

 electrochemical measurements,
27,28

 

viscosity measurement,
29,30

 capillary electrophoresis,
31

 atomic force microscope,
32

 second 

harmonic generation method
33

 and molecular docking.
34

 Among these approaches, the 

spectroscopic and electrochemical methods are regarded as common and effective strategies due 

to their sensitivity, convenience and reproducibility. In recent years, the application of 

spectroscopic techniques in conjunction with viscosity measurement have aroused increasing 

research interest,
29,30

 since they can provide information well beyond that obtained by 

conventional methods. 

Herein, we have investigated the interaction between 

[(η
6
-p-cymene)Ru(benzaldehyde-N

4
-phenylthiosemicarbazone)Cl]Cl anticancer drug and calf 

thymus DNA (ctDNA) by using multispectroscopic and electrochemical methods along with 

viscosity measurement and DNA melting techniques. This study will be helpful to further 

understand the mechanism of the interaction between ctDNA and ruthenium(II) anticancer drugs 

as well as further provide valuable information of biological action of such ruthenium(II) 

anticancer drugs in organism. The knowledge obtained from such research is useful for the 

development of potential probes for DNA structure and new ruthenium(II) arene complexes with 

TSC reagents for cancers and other diseases. 

2. Experimental 

2.1 Reagents 

[(η
6
-p-cymene)Ru(benzaldehyde-N

4
-phenylthiosemicarbazone)Cl]Cl anticancer drug was 
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synthesized and characterized according to the literature reported before.
22

 The structure of this 

drug was shown in Fig. 1. The stock solution of 1.0 × 10
−3

 mol L
−1

 drug was prepared by 

dissolving its crystals in DMSO. ctDNA (Sigma, USA) was dissolved in pH 7.4 Tris−HCl buffer 

and stored at 4 ºC. The purity of ctDNA was verified by monitoring the ratio of absorbance at 260 

nm to that at 280 nm. The concentration of ctDNA was determined spectrophotometrically using 

an extinction coefficient ε260nm = 6600 L mol
−1

 cm
−1

.
3
 Berberine (BH), acridine orange (AO), 

ethidium bromide (EB) and all other reagents were of analytical reagent grade and used as 

received without further purification. Ultrapure water with a resistivity of 18.2 MΩ cm was 

produced by passing through a RiOs 8 unit followed by a Millipore-Q Academic purification set 

(Millipore, Bedford, MA, USA) and used throughout the whole experiments. 

2.2 Apparatus 

UV−vis absorption spectra were measured on Cary 100 UV−vis spectrophotometer (Agilent, 

USA). Fluorescence spectra and intensities were performed on Perkin-Elmer LS-55 luminescence 

spectrometer (PerkinElmer, USA) equipped with thermostatic bath. FT−IR spectra were recorded 

on Nicolet iS10 spectrometer (Thermo, USA). CD spectra were recorded on Jasco J-810 automatic 

recording CD spectropolarimeter (Jasco, Japan). Viscosity measurements were carried out using 

viscosity meter (Yinhua Flowmeter Co. Ltd., China). Electrochemical experiments were 

performed on CHI-660E electrochemical workstation (Chenhua Instruments Inc., China). All pH 

measurements were made with a basic pH meter PB-10 (Sartorius Scientific Instruments Co., Ltd., 

China). 

2.3 Procedures 

2.3.1 UV−vis absorption measurements 

UV−vis absorption spectra of ctDNA, drug as well as ctDNA−drug complex were measured 

from 200 nm to 500 nm in pH 7.4 Tris−HCl buffer at 25 ºC. The solutions of the blank buffer and 

sample were placed in the reference and sample cuvettes, respectively. The concentration of 

ctDNA was 9.4 × 10
−5

 mol L
−1

, and the concentration of drug was increased from 0 to 2.4 × 10
−5

 

mol L
−1

 at increments of 4.0 × 10
−6

 mol L
−1

, respectively. In order to reflect the interaction 

between drug and ctDNA, the absorbance values at 260 nm of ctDNA, drug as well as 
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ctDNA−drug complex were recorded, and the absorbance value at 260 nm between ctDNA−drug 

complex was compared with the sum absorbance value of ctDNA and drug at the same 

wavelength. 

2.3.2 Fluorescence spectra measurements 

Fluorescence spectra of ctDNA−AO complex at the present of drug were recorded at 298 K 

with the excitation/emission slits of 1.5/1.5 nm. The excitation wavelength was set at 475 nm and 

the fluorescence intensity at 527 nm was recorded. The concentrations of ctDNA and AO were 4.7 

× 10
−5

 mol L
−1

 and 7.65 × 10
−6

 mol L
−1

, respectively. The concentration of drug was increased 

from 0 to 8.0 × 10
−5

 mol L
−1

 at increments of 8.0 × 10
−6

 mol L
−1

. 

Fluorescence spectra of ctDNA−EB complex at the present of drug were recorded at 298 K with 

the excitation/emission slits of 3.0/3.0 nm. The excitation wavelength was set at 537 nm and the 

fluorescence intensity at 597 nm was recorded. The concentrations of ctDNA and EB were 4.7 × 

10
−5

 mol L
−1

 and 2.7 × 10
−5

 mol L
−1

, respectively. The concentration of drug was increased from 0 

to 8.0 × 10
−5

 mol L
−1

 at increments of 8.0 × 10
−6

 mol L
−1

. 

Fluorescence spectra of ctDNA−BH complex at the present of drug were recorded at 298 K, 

304 K and 310 K with the excitation/emission slits of 10.0/10.0 nm. The excitation wavelength 

was set at 350 nm and the fluorescence intensity at 530 nm was recorded. The concentrations of 

ctDNA and BH were 9.4 × 10
−5

 mol L
−1

 and 1.67 × 10
−5

 mol L
−1

, respectively. The concentration 

of drug was increased from 0 to 2.0 × 10
−5

 mol L
−1

 at increments of 2.0 × 10
−6

 mol L
−1

. 

Fluorescence spectra of ctDNA−BH−drug system in the presence of NaCl, urea and GuHCl 

were recorded at 298 K with the excitation/emission slits of 10.0/10.0 nm. The excitation 

wavelength was set at 350 nm and the fluorescence intensity at 530 nm was recorded. The 

concentrations of ctDNA and BH were 9.4 × 10
−5

 mol L
−1

 and 1.67 × 10
−5

 mol L
−1

, respectively. 

The concentration of drug was increased from 0 to 2.0 × 10
−5

 mol L
−1

 at increments of 2.0 × 10
−6

 

mol L
−1

. The concentrations of NaCl, urea and GuHCl were 0.15 mol L
−1

, 0.01 mol L
−1

 and 0.01 

mol L
−1

, respectively. 

Fluorescence spectra of ctDNA−BH−drug system at different denatured temperatures were 

recorded at 298 K with the excitation/emission slits at 10.0/10.0 nm. The excitation wavelength 

was at 350 nm and the fluorescence intensity at 530 nm was recorded. The native double-stranded 
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ctDNA solution was heated in water bath for 30 min at 50 °C, 80 °C and 100 °C, and then the 

solution was allowed to cool to room temperature through two different cooling approaches: 

natural cooling and ice−water bath cooling. The concentrations of ctDNA and BH were 9.4 × 10
−5

 

mol L
−1

 and 1.67 × 10
−5

 mol L
−1

, respectively. The concentration of drug was increased from 0 to 

2.0 × 10
−5

 mol L
−1

 at increments of 2.0 × 10
−6

 mol L
−1

.  

Fluorescence spectra of ctDNA−BH−drug system at different pH values were recorded at 298 K 

with the excitation/emission slits of 10.0/10.0 nm. The excitation wavelength was set at 350 nm 

and the fluorescence intensity at 530 nm was recorded. The concentrations of ctDNA and BH were 

9.4 × 10
−5

 mol L
−1

 and 1.67 × 10
−5

 mol L
−1

, respectively. The concentration of drug was increased 

from 0 to 2.0 × 10
−5

 mol L
−1

 at increments of 2.0 × 10
−6

 mol L
−1

. The pH values of the solution 

changed from pH 2.4 to pH 10.4. 

The appropriate blanks corresponding to buffer were subtracted to correct background of 

fluorescence. Titrations were performed manually by using trace syringes and each spectrum was 

the average of three scans. 

2.3.3 FT−IR spectra measurements 

FT−IR spectra of ctDNA and ctDNA−drug complex were recorded in the range of 800 ~ 1800 

cm
−1

 with 128 interferograms to ensure good signal-to-noise ratio. The corresponding absorbance 

contributions of Tris−HCl buffer and drug were recorded and digitally subtracted with the same 

instrumental parameters. All spectra were taken via ATR method with a resolution of 4 cm
−1

. The 

subtraction of the reference spectrum from ctDNA spectrum was carried out in accord with the 

criteria that straight baseline was obtained between 2000 and 1750 cm
−1

.
35

 Blank windows, water 

and CO2 were subtracted from the spectra of ctDNA and ctDNA−drug complex. The difference 

spectra [(ctDNA−drug complex) − drug] were analyzed by OMNIC software, using sharp ctDNA 

band at 968 cm
−1

 as an internal reference.
2,36

 The relative intensity (Ir) of several peaks of ctDNA 

vibrations related to guanine, thymine, adenine and cytosine base pairs stretching vibration, and 

the phosphate groups stretching vibrations were measured. The plots of Ir versus drug/ctDNA 

molar ratios were obtained using Ir = Ii / I968, where Ii and I968 were the peak intensities at i cm
−1

 

and 968 cm
−1

 for ctDNA alone and ctDNA−drug complex, respectively. The concentration of 

ctDNA was 3.0 × 10
−2

 mol L
−1

. The molar ratio of drug to ctDNA was changed from 1:10 to 1:40. 
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2.3.4 CD spectra measurements 

CD spectra were recorded from 220 nm to 320 nm in pH 7.4 Tris−HCl buffer at room 

temperature under constant nitrogen airflow. CD profiles were obtained employing scan speed of 

500 nm min
−1

 and response time of 0.5 s. Each spectrum was the average of three successive scans 

and was corrected by buffer solution. Appropriate baseline corrections in CD spectra were made. 

The concentration of ctDNA was 4.5 × 10
−5

 mol L
−1

. The molar ratio of drug to ctDNA was 

increased from 0:1 to 10.7:1. 

2.3.5 Viscosity measurements 

Viscosity of ctDNA solution with different concentration of drug were measured in a viscometer 

that was kept at constant temperature of 25 ± 0.1 ºC in a thermostatic water bath. Flow time 

measurements were performed by a digital stopwatch with a resolution of 0.01 s. At least five time 

records reproducible to 0.02 s were obtained, and the average value was used in the calculations. 

Data were presented as (η/η0)
1/3

 versus the molar ratio of [Drug]/[ctDNA],
37

 where η and η0 were 

the viscosity of ctDNA in the presence and absence of drug, respectively. Viscosity values were 

calculated from the observed flow time of ctDNA containing solutions (t > 100 s) corrected for the 

flow time of buffer alone (t0), η = (t − t0) / t0. The concentration of ctDNA was 5.0 × 10
−5

 mol L
−1

, 

and the concentration of drug was increased from 0 to 6.65 × 10
−5

 mol L
−1

. 

2.3.6 DNA melting studies 

DNA melting experiments were carried out by monitoring the absorbance of ctDNA at 260 nm 

at different temperatures in the absence and presence of drug. The temperature was continuously 

monitored with a thermostatic bath. The absorbance was then plotted as a function of temperature 

ranging from 20 to 100 ºC. The melting temperature of ctDNA was determined as the transition 

midpoint. The concentrations of ctDNA and drug were 1.0 × 10
−4

 mol L
−1

 and 6.0 × 10
−5

 mol L
−1

, 

respectively. 

2.3.7 Electrochemical investigation 

Cyclic voltammograms and electrochemical impedance spectra were performed on CHI-660E 

electrochemical workstation with conventional three-electrode electrochemical testing system. The 
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working electrode was bare gold electrode (2 mm diameter), whereas Ag/AgCl electrode served as 

the reference electrode and platinum wire was used as the counter electrode. The electrolyte 

solution was 5.0 × 10
−3

 mol L
−1

 K3Fe(CN)6/K4Fe(CN)6 and 1.0 × 10
−2

 mol L
−1

 KCl. Bare gold 

electrode was successively polished by α-Al2O3 powder with the diameter of 1.0 µm, 0.3 µm and 

0.05 µm, respectively. Subsequently, bare gold electrode was ultrasonically cleaned in acetone, 0.5 

mol L
−1

 H2SO4 solution and ultrapure water, and then dried by nitrogen airflow. For ctDNA 

modified gold electrode preparation, 5 µL ctDNA solution (4.5 × 10
−5

 mol L
−1

) was dropped onto 

the surface of gold electrode. After 6 h incubation at 20 ºC, the electrode was washed by ultrapure 

water, and then ctDNA modified gold electrode was obtained. For cyclic voltammograms and 

electrochemical impedance spectra measurements, different concentrations of drug were added 

into electrolyte solution and then the mixture was stirred for 5 min. The reaction system was at 

rest for 3 min before testing. Cyclic voltammograms were recorded at scan rate of 50 mV s
−1

 and 

electrochemical impedance spectra were measured within frequency range of 0.1 ~ 100 KHz. All 

measurements were repeated three times with different ctDNA modified gold electrode. The 

concentration of drug was increased from 0 to 9.6 × 10
−6

 mol L
−1

 for cyclic voltammograms 

measurements. The concentration of drug was increased from 0 to 4.32 × 10
−5

 mol L
−1

 for 

electrochemical impedance spectra measurements. 

3. Results and discussion 

3.1 Absorption spectra 

It is well-known that hypochromism and hyperchromism are regarded as spectral characteristics 

for DNA double-helix structural variation when DNA reacts with other molecules. Usually, 

hypochromism originates from the DNA duplex stabilization by intercalative binding mode or 

electrostatic effect of small molecules, while hyperchromism originates from the DNA duplex 

breakage. So, the UV−vis absorption spectra of ctDNA−drug complex with various concentrations 

of [(η
6
-p-cymene)Ru(benzaldehyde-N

4
-phenylthiosemicarbazone)Cl]Cl anticancer drug in pH 7.4 

Tris−HCl buffer at 25 ºC were shown in Fig. 2. It was found that the maximum absorption peak of 

ctDNA was at around 260 nm, which came from the strong absorption of purine and pyrimidine 

bases in ctDNA.
30

 With the gradual addition of drug, the absorbance of ctDNA−drug complex 

increased dramatically, and the peak position of ctDNA−drug complex blue shifted slightly, 
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suggesting that drug might interact with DNA and subsequently affect both the absorbance and 

peak position of DNA. Meanwhile, the sum absorbance value at 260 nm of ctDNA and drug was a 

little greater than the absorbance value at 260 nm of ctDNA−drug complex (Insert in Fig. 2), 

which indicated that a weak hypochromic effect existed after the interaction between ctDNA and 

drug. This phenomenon suggested that the intercalative binding might be the interaction mode 

during the interaction of ctDNA with drug.
7,8

 This speculation would be further supported from 

the other experiments described later on, which gave convincing evidence of the possible 

intercalative binding between ctDNA and drug. 

3.2 Viscosity investigation 

Viscosity experiment is an effective approach to decide the binding mode of other molecules 

with DNA. The interaction between other molecules and DNA has an effect on the hydrodynamic 

properties of DNA solution, and only the classical intercalation of other molecules with DNA base 

pairs can result in the elongation of DNA and increase the viscosity of DNA solution 

significantly.
38,39

 The influence of increasing concentration of drug on the relative viscosity of 

ctDNA at 25 °C was shown in Fig. 3A. The results showed that the relative viscosity of ctDNA 

increased significantly upon the continuous addition of drug, which indicated that the interaction 

mode between ctDNA and drug should be the intercalative binding.
38,39

 Since the viscosity cannot 

be measured accurately for the higher viscous mixture, the mixture can strongly adsorb on the 

glass inside the viscometer.
40

 In order to further confirm the binding mode, the slope value of the 

linear regression equation between the (η/η0)
1/3

 value and the lower molar ratio of [Drug]/[ctDNA] 

(from 0 to 0.12) was calculated. As shown in Fig. 3A, the slope value was 0.99 that was near the 

slope of 1.0 displayed by an ideal intercalation, indicating that this drug was indeed intercalated 

into the double-helix of ctDNA and such classic intercalative binding led to the lengthening and 

unwinding of the ctDNA helix.
38

 

3.3 DNA melting analysis 

DNA melting temperature (Tm), which is the temperature at which half of double-stranded DNA 

is dissociated into single strands, is further evidence for the intercalation of other molecules into 

the double-helix of DNA. It is well-documented that the intercalation of other molecules with 
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DNA can stabilize the natural structure of DNA and thus increase Tm value of about 5 ~ 8 °C.
41

 

However, electrostatic interaction and groove-binding cause no obvious variation on Tm value of 

DNA. The melting curves of ctDNA in the absence and presence of drug were represented in Fig. 

3B. The Tm values of ctDNA and ctDNA−drug complex were about 74.3 °C and 79.2 °C, 

respectively. The binding of drug with ctDNA resulted in the increase of Tm value by 4.9 °C, 

suggesting that the stabilization of ctDNA double-helix structure was increased after the 

intercalative interaction of drug with ctDNA. 

3.4 Fluorescence spectroscopic investigation 

3.4.1 Binding mode between drug and ctDNA 

To obtain an insight into the binding mode of drug with ctDNA, the competitive binding 

between fluorescent probes and drug for ctDNA was investigated by using AO and EB as 

fluorescent probes. AO and EB, which are classic intercalating dyes for DNA, are employed as 

spectral probes to investigate the binding mode of drug with DNA in recent years.
2,6,30

 If drug 

intercalates into the double-helix of DNA, drug can compete with AO and EB for the intercalation 

sites of DNA, and then the fluorescence intensities of ctDNA−AO complex and ctDNA−EB 

complex can be significantly reduced. As indicated in Fig. 4, the fluorescence intensities of AO 

and EB all increased after the intercalative binding with DNA. However, after the addition of drug, 

the fluorescence intensities of both ctDNA−AO complex and ctDNA−EB complex decreased 

gradually with the increasing concentration of drug. Furthermore, 8.0 × 10
−5

 mol L
−1

 of drug 

presented a displacement effect of 21.0% for EB and 35.6% for AO, suggesting that drug 

substituted for some AO or EB molecules and dissociated AO or EB molecules from the 

ctDNA−AO or ctDNA−EB system into the solution. These results reconfirmed that the binding 

mode between drug and ctDNA was the classic intercalative binding. 

3.4.2 Competitive interaction of drug and BH with ctDNA 

Since the endogenous fluorescence of ctDNA is very weak, a reliable method of investigating 

the binding interaction of small molecules to ctDNA is the fluorescence quenching method by 

using fluorescent probe. In order to understand the interaction pattern of drug with ctDNA more 

clearly, the competitive binding experiments were carried out using BH as fluorescent probe. BH 
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is one of the most typical intercalators and emits intense fluorescence after the addition of ctDNA. 

It is reported that the enhanced fluorescence of ctDNA−BH complex can be efficiently quenched 

after the addition of other molecules.
6
 The extent of the fluorescence quenching of ctDNA−BH 

complex is used to determine the extent of the binding between other molecules and ctDNA. 

The fluorescence spectra of ctDNA−BH complex with various concentrations of drug were 

shown in Fig. 5. It was obviously that BH exhibited original weak fluorescence around 530 nm in 

the absence of ctDNA. However, the fluorescence intensity of BH around 530 nm increased 

gradually after the addition of ctDNA, which indicated that the fluorescence of the system 

increased after the intercalative binding between ctDNA and BH. Furthermore, the fluorescence 

intensity of ctDNA−BH complex at 530 nm was quenched regularly with the increasing 

concentration of drug, and the fluorescence intensity of ctDNA−BH complex decreased 

dramatically when higher concentration of drug was present. Since 2.0 × 10
−5

 mol L
−1

 of drug 

presented a displacement effect of 38.7% for BH, suggesting that some BH molecules were 

replaced by drug and released into aqueous medium. These results confirmed the competitive 

binding interaction between drug and BH with ctDNA, and also suggested that drug probably 

bound to ctDNA by intercalative mode. 

It is widely reported that the Ru(II) arene complexes can intercalate between DNA base-pairs 

mainly through the planarity of the arene group,
42,43

 so the arene group or this drug may play 

important role in the intercalative binding between drug and ctDNA. Furthermore, the TSC ligand 

exhibited almost no influence on the fluorescence intensity of ctDNA−BH complex (Fig. S1), but 

the Ru(II) arene complex without TSC ligand showed much stronger quenching effect on the 

fluorescence of ctDNA−BH complex (Fig. S2 and Fig. S3), indicating that the Ru(II) arene 

complex without TSC ligand played vital role in such intercalative binding. Therefore, it can be 

speculated that the combination of TSC ligand and the Ru(II) arene complex dramatically enhance 

the intercalative binding ability of this drug with ctDNA, which makes this drug easily displace 

some classical ctDNA intercalators, such as AO, EB and BH. 

3.4.3 Quenching mechanism 

The fluorescence quenching plot of ctDNA−BH complex by drug (insert in Fig. 5) illustrated 

that the quenching of ctDNA−BH complex by drug was in good agreement with the classical 
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Stern−Volmer equation:
44

 

[ ] [ ]0
q 0 SV

1 1
F

K Q K Q
F

τ= + = +                    (1) 

In the above equation, F0 and F are the fluorescence intensities of ctDNA−BH complex in the 

absence and presence of drug, respectively. Kq is the bimolecular quenching constant and the 

maximum value of Kq is 2.0 × 10
10

 L mol
−1

 s
−1

 for dynamic quenching. τ0 is the average 

fluorescent lifetime of biomolecule and the value of τ0 is about 1.0 × 10
−8

 s. KSV is the 

Stern−Volmer quenching constant and [Q] is the concentration of drug, respectively. Therefore, 

the KSV value can be determined by linear regression plot of F0 / F versus [Q]. 

The fluorescence quenching mechanism is usually classified as static quenching and/or dynamic 

quenching, which can be distinguished easily by the different on temperature dependence. 

Quenching constants decrease with the increment of temperature for static quenching while the 

reverse is true for dynamic quenching. Static quenching depends upon complex formation and 

higher temperatures can decrease the stability of complex, therefore the quenching constants 

decrease with increasing temperature. On the other hand, the increase in temperature will result in 

larger diffusion coefficients, and thus increase the values of dynamic quenching constant. So, the 

fluorescence intensities of ctDNA−BH complex at 530 nm with different concentration of drug 

were measured at 298 K, 304 K, and 310 K, respectively. The fluorescence quenching data were 

plotted according to Stern−Volmer equation. As shown in Fig. 6A, the results agreed well with the 

Stern−Volmer equation at lower concentrations. The perfect linear relationship indicated that only 

one type of quenching process was occurred, either static or dynamic quenching.
45

 The 

Stern−Volmer quenching constants KSV at three different temperatures were listed in Table 1. The 

calculated KSV values showed that increasing temperature resulted in a decrease of KSV values, 

which was attributed to the static quenching mechanism. Moreover, the calculated Kq values were 

obtained to be 3.08 × 10
12

 L mol
−1

 s
−1

, 2.75 × 10
12

 L mol
−1

 s
−1

, and 2.39 × 10
12

 L mol
−1

 s
−1

 at 298 

K, 304 K, and 310 K, respectively, which were much greater than the maximum value of 

bimolecular dynamic quenching constant (2.0 × 10
10

 L mol
−1

 s
−1

). The higher Kq values noticed in 

the present investigation revealed that the quenching mechanism was static quenching.
44

 

For static quenching process, fluorescence quenching data can be used to calculate the 

association constant through the modified Stern−Volmer equation:
44
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[ ]
0 0

0 a a a

1 1F F

F F F f K Q f
= = +

− ∆
                           (2) 

In the present case, fa is the mole fraction of solvent accessible fluorophore, Ka is the modified 

Stern−Volmer quenching constant for the accessible fluorophores and [Q] is the concentration of 

drug, respectively. The dependence of F0 / ∆F on the reciprocal value of quencher concentration 

[Q]
−1

 is linear with the slope equaling the value of (fa Ka)
−1

, and the value of fa
−1

 is fixed on the 

ordinate. The modified Stern−Volmer quenching constant Ka can be calculated from the quotient 

of the ordinate fa
−1

 and the slope (fa Ka)
−1

. The plots of the modified Stern−Volmer equation were 

shown in Fig. 6B, and the corresponding modified Stern−Volmer quenching constants Ka were 

also listed in Table 1. The decreasing trend of Ka with increasing temperature was in accord with 

KSV’s dependence on temperature as discussed above, which further confirmed that the 

fluorescence quenching of ctDNA−BH complex by drug was mainly arisen from static quenching 

by complex formation. 

3.4.4 Binding forces investigation 

Usually, the molecular forces contributing to biomolecules interactions with small molecules, 

which may contain hydrophobic force, van der Waals interactions, multiple hydrogen bonds, 

electrostatic interactions and so on, can be elucidated through the variation of the thermodynamic 

parameters calculated from the van’t Hoff plots.
46

 If there is no significant variation in temperature, 

the enthalpy change (∆H) does not change obviously in the temperature range, both the enthalpy 

change (∆H) and the entropy change (∆S) can be estimated from the van’t Hoff equation: 

aln
H S

K
RT R

∆ ∆
= − +                               (3) 

where Ka is the modified Stern−Volmer quenching constant and R is the gas constant, respectively. 

As shown in Fig. 6C, a good linear relationship between ln Ka and 1 / T existed. The values of ∆H 

and ∆S were calculated according to the slopes and the intercepts as shown in Fig. 6C. 

Furthermore, the value of free energy change (∆G) can be obtained from the following equation: 

G H T S∆ = ∆ − ∆                                 (4) 

The values of ∆H, ∆S and ∆G were all incorporated in Table 1. The negative values of ∆G 

indicated that the binding process of drug to ctDNA−BH was spontaneous. The negative ∆H and 

the negative ∆S values of the interactions of drug and ctDNA−BH suggested that the hydrogen 
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bonding and van der Waals interactions played major roles in such binding reaction.
47

 Thus, both 

hydrogen bonding and van der Waals interactions played predominant roles in the binding of drug 

to ctDNA and contributed to the stability of ctDNA−drug complex. 

3.4.5 Effect of ionic strength 

Since this anticancer drug carries positive charge and ctDNA has negative polyphosphate 

skeleton, the influence of ionic strength on ctDNA−drug binding interaction has been studied. It is 

reported that high concentration of strong electrolyte NaCl may screen the electrostatic repulsion 

between consecutive phosphate groups, prompt the helix to shrink and thereby hinder the 

electrostatic interaction between other molecules and DNA.
48

 Herein, to facilitate the comparison 

of the influence of NaCl on the binding interaction between drug and ctDNA, the quenching 

constants of ctDNA−BH−drug system in the absence and presence of NaCl were analyzed using 

the Stern−Volmer method and the modified Stern−Volmer method (Fig. 7), respectively. The 

corresponding results were shown in Table 2. These results indicated that both the Stern−Volmer 

quenching constants KSV and the modified Stern−Volmer quenching constant Ka decreased slightly 

in the presence of NaCl, which eliminated the strong electrostatic interaction between drug and 

ctDNA and further confirmed the intercalative binding of drug with ctDNA. 

3.4.6 Effect of chemical denaturation 

In comparison with ionic strength, chemical denaturants are more effective in disturbing the 

structure of DNA and the noncovalent interactions between other molecules and DNA.
3
 To 

investigate the effects of chemical denaturants on the binding interaction between drug and ctDNA, 

urea and GuHCl were introduced into ctDNA−BH−drug system. The quenching constants of 

ctDNA−BH−drug system in the absence and presence of chemical denaturants were analyzed 

using the Stern−Volmer method and the modified Stern−Volmer method (Fig. 8), respectively. The 

corresponding results were also displayed in Table 2. Both the Stern−Volmer quenching constants 

KSV and the modified Stern−Volmer quenching constant Ka decreased partially in the presence of 

urea and GuHCl, indicating the weakened intercalating ability of drug with ctDNA. These results 

suggested that both urea and GuHCl were able to make double-stranded ctDNA separate into 

single-stranded DNA and then liberate drug from the double-helix of ctDNA. 
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3.4.7 Effect of thermal denaturation 

Further support for the intercalative binding of drug with ctDNA is obtained through thermal 

denaturation experiment. To investigate the effects of hyperthermia on the binding interaction 

between drug and ctDNA, the native double-stranded ctDNA solution was heated in water bath for 

30 min at 50 °C, 80 °C and 100 °C, and then the solution was allowed to cool to room temperature 

through two different cooling approaches: natural cooling and ice−water bath cooling. Fig. 9 

showed the Stern−Volmer plots and the modified Stern−Volmer plots of ctDNA−BH−drug system 

at different denatured temperatures, respectively. The corresponding results exhibited in Table 3 

showed that both the Stern−Volmer quenching constants KSV and the modified Stern−Volmer 

quenching constant Ka decreased with the increasing temperature, since higher temperature turned 

more double-stranded DNA to single-stranded DNA. These single-stranded DNA inhibited the 

intercalating interaction between drug and adjacent base pairs of double-stranded DNA. The 

modified Stern−Volmer quenching constants obtained in natural cooling DNA system were slight 

higher than the relevant one in ice−water bath cooling DNA system. Because of the different 

extent of DNA renaturation under different cooling approaches, the degree of DNA renaturation 

under natural cooling approach was higher than the degree of DNA renaturation under ice−water 

bath cooling approach. 

3.4.8 Effect of pH 

Solution pH plays important role in the stability of double-stranded structures of DNA, so the 

effects of pH values on the binding interaction between drug and ctDNA are investigated. Fig. 10 

presented the Stern−Volmer plots and the modified Stern−Volmer plots of ctDNA−BH−drug 

system at different pH values, respectively. The corresponding results listed in Table 4 indicated 

that the Stern−Volmer quenching constant KSV was the lowest and the modified Stern−Volmer 

quenching constant Ka was the highest at pH 7.4. In addition, the Stern−Volmer quenching 

constant KSV and the modified Stern−Volmer quenching constant Ka in strong acid solution 

changed much bigger than the others, because the strong acid disturbed the stability of 

double-stranded structures of ctDNA and weakened the ability of drug intercalating to ctDNA. 

3.5 Conformation change investigation 
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3.5.1 CD spectroscopy 

CD spectroscopy is an effective technique to investigate the chiral conformation of DNA under 

the influence of other molecules. It has been reported that the variation in CD signals of DNA may 

be assigned to the corresponding changes in DNA structure after the interaction with other 

molecules.
3,49

 In order to reveal the influence of drug on the chiral conformation of ctDNA, the 

CD spectra of ctDNA and ctDNA−drug complexes with different molar ratios of drug to ctDNA 

were illustrated in Fig. 11A. The ctDNA exhibited a CD spectrum characteristic of the 

right-handed B-form helicity with a negative band of 246 nm and the base-stacking with a positive 

band of 277 nm in UV region (Fig. 11A, curve a).
3
 However, this drug had almost no CD signals 

in the same UV region. With increasing concentration of drug, the intensity of negative band 

increased significantly while the intensity of positive band decreased slightly without any 

remarkable shift in the band position. Therefore, it was deduced that more changes existed in the 

right-handed B-form helicity than in the base stacking due to the intercalative interaction of drug 

with ctDNA. However, the right-handed B-form helicity of ctDNA was still constant. 

3.5.2 FT−IR spectroscopy 

FT−IR spectroscopy is another efficient method to directly analyze the variation of the chiral 

conformation of DNA under the influence of other molecules. The variations in FT−IR spectra of 

DNA can be used to study the specific binding site of other molecules with DNA. So, the FT−IR 

spectrum of ctDNA, and the difference FT−IR spectra between ctDNA−drug complex and drug 

with different molar ratios of drug to ctDNA were shown in Fig. 11B. The changes of vibration 

intensity in spectra were shown in Fig. 11C. It is reported that ctDNA exhibits phosphate 

stretching vibrations, deoxyribose stretching vibrations and nitrogenous bases stretching 

vibrations.
30

 As shown in Fig. 11B, the bands at 1226 cm
−1

 and 1087 cm
−1

 of ctDNA were 

ascribed to the phosphate asymmetric and symmetric vibrations, respectively. Furthermore, the 

frequency position at 968 cm
−1

 was corresponded to the deoxyribose C−C and C−O stretching 

vibrations, and the frequency position at 835 cm
−1

 was corresponded to the phosphodiester mode 

that was regarded as a marker band for the B-form of ctDNA.
50

 With the increasing concentration 

of drug, the bands of both phosphate stretching vibrations and deoxyribose stretching vibrations 

had almost no shift (Fig. 11B), and the intensities of these bands varied slightly (Fig. 11C), 
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suggesting that the chiral conformation of ctDNA kept constant in the range of drug concentration. 

Meanwhile, the band of deoxyribose C−C and C−O stretching vibrations also kept constant upon 

ctDNA−drug interaction, so this band was used as an internal reference for data analysis. 

In addition, the bands at 1716 cm
−1

, 1650 cm
−1

, 1608 cm
−1

 and 1496 cm
−1

 were attributed to 

guanine, thymine, adenine and cytosine stretching vibration of ctDNA, respectively.
50

 The changes 

in the position and intensity of these bands can be used to analyze the binding of drug with four 

nitrogenous bases. As shown in Fig. 11C, with increasing concentration of drug, the thymine, 

adenine and cytosine stretching vibration bands shifted from 1650 cm
−1

 to 1647 cm
−1

, from 1608 

cm
−1

 to 1606 cm
−1

, and from 1496 cm
−1

 to 1506 cm
−1

, respectively, which were ascribed to the 

interactions of drug with thymine, adenine and cytosine of ctDNA. Cytosine stretching vibration 

band had a bigger red-shift, suggesting the stronger interaction between drug and cytosine of 

ctDNA. Furthermore, the different level increases in the intensities of four bases were observed at 

higher concentration of drug. Considering changes in both position and intensity of different 

vibration bands, drug was more prone to interact with G–C base pairs of ctDNA as reported 

previously.
20

 

3.6 Electrochemical investigation 

Cyclic voltammetry can be used to directly analyze the interaction between drug and ctDNA. 

As indicated in Fig. 12A, a good electrochemical response of K3Fe(CN)6/K4Fe(CN)6 existed on 

ctDNA modified gold electrode. With the increasing concentration of drug, the redox peak 

currents decreased significantly and the redox peak potentials shifted slightly, due to the reduction 

of diffusion coefficient of electrolyte K3Fe(CN)6/K4Fe(CN)6 after the interactive binding of drug 

with ctDNA. According to values of redox peak currents with different concentrations of drug, the 

relationship between the reciprocal of the current drop and the reciprocal of drug concentration 

can be described with the Langmuir equation:
51

 

p p max p max a

1 1 1

I I I K c
= +

∆ ∆ ∆
                         (5) 

Herein, ∆Ip is the current drop, ∆Ipmax is the maximum of the current drop, Ka is the binding 

equilibrium constant, and c is the concentration of drug, respectively. According to the equation 

and the slope of curve inserted in Fig. 12A, the binding equilibrium constant Ka was calculated to 
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be 6.4 × 10
4
 L mol

−1
, which was a little higher than the value obtained by spectroscopic methods. 

Electrochemical impedance spectroscopy is also used to investigate the interface properties of 

surface-modified electrodes. The Rct is associated with the semicircle diameter at higher frequency 

in the Nyquist plot of impedance spectroscopy, and its value increases with the increase of the 

surface binding on electrode. As illustrated in Fig. 12B, with the continuous addition of drug, the 

Rct values increased dramatically due to the intercalative interaction between drug and ctDNA. 

Furthermore, the affinity constant from the data of electrochemical impedance spectroscopy can 

be calculated according to the Langmuir isotherm model:
52

 

a
ct ct max

a

( )
1

K
R R c

K c
= ⋅ ⋅

+
                        (6) 

According to the above equation, the affinity constant Ka can be calculated through the linear 

plot of c / Rct as a function of c. As shown in the insert of Fig. 12B, the affinity constant Ka, which 

was calculated from the slope divided by the intercept, was about 3.9 × 10
4
 L mol

−1
. This value 

was almost the same with the value measured from the fluorescence titration. All these 

electrochemical results further validated the intercalative interaction between drug and ctDNA. 

4. Conclusions 

The interaction of [(η
6
-p-cymene)Ru(benzaldehyde-N

4
-phenylthiosemicarbazone)Cl]Cl 

anticancer drug with ctDNA was investigated by fluorescence spectroscopy, UV−vis absorption, 

FT−IR, CD spectroscopy and electrochemical methods, coupled with viscosity measurement and 

DNA melting technique. The results of UV−vis absorption spectra, viscosity measurement, DNA 

melting and fluorescence spectra indicated that this drug intercalated into the double-helix 

structure of ctDNA. Furthermore, the results obtained from the analysis of fluorescence spectra 

exhibited the competitive interaction between drug and AO, EB and BH with ctDNA, which 

further confirmed the intercalative binding mode between drug and ctDNA. In addition, the 

fluorescence quenching mechanism of ctDNA−BH complex by this drug was static quenching. 

Both negative ∆H and negative ∆S values suggested that the interaction was driven mainly by 

hydrogen bonding and van der Waals interactions. The results of FT−IR spectra and CD spectra 

revealed that drug bound to G−C base pairs of ctDNA, and such binding interaction did not alter 

the B-form conformation of ctDNA. The electrochemical experimental results further confirmed 
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the intercalative interaction between this anticancer drug and ctDNA. These results made a better 

understanding on the interaction between ruthenium(II) arene anticancer drug and ctDNA at the 

molecular level, which was expected to provide useful information for further understanding the 

pharmacological mechanism of such ruthenium(II) arene anticancer drugs. 
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Table 1. Stern−Volmer quenching constants KSV, bimolecular quenching constants Kq, modified 

Stern−Volmer quenching constants Ka and relative thermodynamic parameters for the interaction 

between drug and ctDNA−BH complex at three different temperatures. 

 

Table 2. Stern−Volmer quenching constants KSV and modified Stern−Volmer quenching constants 

Ka of ctDNA−BH−drug system in the absence and presence of NaCl, urea or GuHCl. 

 

Table 3. Stern−Volmer quenching constants KSV and modified Stern−Volmer quenching constants 

Ka of ctDNA−BH−drug system at different denatured temperatures. 

 

Table 4. Stern−Volmer quenching constants KSV and modified Stern−Volmer quenching constants 

Ka of ctDNA−BH−drug system at different pH values. 

 

Figure Captions 

 

Fig. 1. The structure of [(η
6
-p-cymene)Ru(benzaldehyde-N

4
-phenylthiosemicarbazone)Cl]Cl 

anticancer drug. 

 

Fig. 2. UV−vis absorption spectra of ctDNA−drug complex with various concentrations of drug in 

pH 7.4 Tris−HCl buffer at 25 ºC. Insert: Comparison of the absorbance value at 260 nm between 

ctDNA−drug complex (Square dots) and the sum absorbance value of ctDNA and drug at the same 

wavelength (Pentagram dots). c(ctDNA) = 9.4 × 10
−5

 mol L
−1

; c(Drug)/(10
−6

 mol L
−1

), 1−7: from 

0 to 24.0 at increments of 4.0. 

 

Fig. 3. (A) Effect of increasing concentration of drug on the relative viscosity of ctDNA at 25 ºC. 

c(ctDNA) = 5.0 × 10
−5

 mol L
−1

; c(Drug)/(10
−6

 mol L
−1

): 0, 1.5, 3.0, 4.5, 6.0, 13.5, 20.0, 26.5, 33.5, 

40.0, 46.5, 53.0, 60.0 and 66.5. (B) Melting curves of ctDNA in the absence and presence of drug. 

c(ctDNA) = 1.0 × 10
−4

 mol L
−1

; c(Drug) = 6.0 × 10
−5

 mol L
−1

. 

 

Fig. 4. (A) Fluorescence spectra of ctDNA−AO complex with various concentrations of drug. The 

insert corresponds to the Stern−Volmer plot. (B) Fluorescence spectra of ctDNA−EB complex 

with various concentrations of drug. The insert corresponds to the Stern−Volmer plot. c(ctDNA) = 

4.7 × 10
−5

 mol L
−1

; c(AO) = 7.65 × 10
−6

 mol L
−1

; c(EB) = 2.7 × 10
−5

 mol L
−1

; c(Drug)/(10
−6

 mol 

L
−1

), 1−11: from 0 to 80.0 at increments of 8.0. 

 

Fig. 5. Fluorescence spectra of ctDNA−BH complex with various concentrations of drug. The 

insert corresponds to the Stern−Volmer plot. c(ctDNA) = 9.4 × 10
−5

 mol L
−1

; c(BH) = 1.67 × 10
−5

 

mol L
−1

; c(Drug)/(10
−6

 mol L
−1

), 1−11: from 0 to 20.0 at increments of 2.0. 
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Fig. 6. Stern−Volmer plots of ctDNA−BH−drug system (A), modified Stern−Volmer plots of 

ctDNA−BH−drug system (B), and van't Hoff plot of ctDNA−BH−drug system (C). 

 

Fig. 7. Stern−Volmer plots (A) and modified Stern−Volmer plots (B) of ctDNA−BH−drug system 

in the absence and presence of NaCl. c(ctDNA) = 9.4 × 10
−5

 mol L
−1

; c(BH) = 1.67 × 10
−5

 mol L
−1

; 

c(Drug)/(10
−6

 mol L
−1

): from 0 to 20.0 at increments of 2.0. c(NaCl) = 0.15 mol L
−1

. 

 

Fig. 8. Stern−Volmer plots (A) and modified Stern−Volmer plots (B) of ctDNA−BH−drug system 

in the absence and presence of urea or GuHCl. c(ctDNA) = 9.4 × 10
−5

 mol L
−1

; c(BH) = 1.67 × 

10
−5

 mol L
−1

; c(Drug)/(10
−6

 mol L
−1

): from 0 to 20.0 at increments of 2.0. c(Urea) = c(GuHCl) = 

0.01 mol L
−1

. 

 

Fig. 9. Stern−Volmer plots (A) and modified Stern−Volmer plots (B) of ctDNA−BH−drug system 

at different denatured temperatures. c(ctDNA) = 9.4 × 10
−5

 mol L
−1

; c(BH) = 1.67 × 10
−5

 mol L
−1

; 

c(Drug)/(10
−6

 mol L
−1

): from 0 to 20.0 at increments of 2.0. 

 

Fig. 10. Stern−Volmer plots (A) and modified Stern−Volmer plots (B) of ctDNA−BH−drug system 

at different pH values. (C) Plot of quenching constants versus pH value. c(ctDNA) = 9.4 × 10
−5

 

mol L
−1

; c(BH) = 1.67 × 10
−5

 mol L
−1

; c(Drug)/(10
−6

 mol L
−1

): from 0 to 20.0 at increments of 2.0. 

 

Fig. 11. (A) CD spectra of ctDNA, drug and ctDNA−drug complex with various concentrations of 

drug. c(ctDNA) = 4.5 × 10
−5

 mol L
−1

. The molar ratios of drug to ctDNA were 0:1 (a), 1.3:1 (b), 

5.3:1 (c) and 10.7:1 (d), respectively. (B) FT−IR spectrum of ctDNA, and the difference FT−IR 

spectra between ctDNA−drug complex and drug with different molar ratios of drug to ctDNA. 

c(ctDNA) = 3.0 × 10
−2

 mol L
−1

. The molar ratios of drug to ctDNA were 1:10 (a), 1:20 (b) and 

1:40 (c), respectively. (C) Intensity ratio variations for several ctDNA vibrations as a function of 

drug concentration. 

 

Fig. 12. (A) Cyclic voltammograms of bare gold electrode and ctDNA modified gold electrode 

with various concentrations of drug. c(Drug)/(10
−6

 mol L
−1

), 1−9: from 0 to 9.6 at increments of 

1.2. Insert was the linear relationship between the reciprocal of the current drop and the reciprocal 

of drug concentration. (B) Electrochemical impedance spectra of ctDNA modified gold electrode 

with various concentrations of drug. c(Drug)/(10
−6

 mol L
−1

), 1−10: from 0 to 43.2 at increments of 

4.8. Insert was the linear relationship between c / Rct and c. 
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Graphic abstract 

 

 

 

Highlight 

 

The interaction between [(η
6
-p-cymene)Ru(benzaldehyde-N

4
-phenylthiosemicarbazone)Cl]Cl 

anticancer drug and ctDNA was systematically investigated by multispectroscopic and 

electrochemical studies. 

 

Page 28 of 44RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



  

 

 

Fig. 2 UV−vis absorption spectra of ctDNA−drug complex with various concentrations of drug in pH 7.4 
Tris−HCl buffer at 25 ºC. Insert: Comparison of the absorbance value at 260 nm between ctDNA−drug 

complex (Square dots) and the sum absorbance value of ctDNA and drug at the same wavelength 

(Pentagram dots). c(ctDNA) = 9.4 × 10−5 mol L−1; c(Drug)/(10−6 mol L−1), 1−7: from 0 to 24.0 at 
increments of 4.0.  

215x159mm (150 x 150 DPI)  
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Fig. 3 (A) Effect of increasing concentration of drug on the relative viscosity of ctDNA at 25 ºC. c(ctDNA) = 
5.0 × 10−5 mol L−1; c(Drug)/(10−6 mol L−1): 0, 1.5, 3.0, 4.5, 6.0, 13.5, 20.0, 26.5, 33.5, 40.0, 46.5, 
53.0, 60.0 and 66.5. (B) Melting curves of ctDNA in the absence and presence of drug. c(ctDNA) = 1.0 × 

10−4 mol L−1; c(Drug) = 6.0 × 10−5 mol L−1.  
377x146mm (150 x 150 DPI)  
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Fig. 4 (A) Fluorescence spectra of ctDNA−AO complex with various concentrations of drug. The insert 
corresponds to the Stern−Volmer plot. (B) Fluorescence spectra of ctDNA−EB complex with various 

concentrations of drug. The insert corresponds to the Stern−Volmer plot. c(ctDNA) = 4.7 × 10−5 mol L−1; 
c(AO) = 7.65 × 10−6 mol L−1; c(EB) = 2.7 × 10−5 mol L−1; c(Drug)/(10−6 mol L−1), 1−11: from 0 to 

80.0 at increments of 8.0.  
385x146mm (150 x 150 DPI)  
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Fig. 5 Fluorescence spectra of ctDNA−BH complex with various concentrations of drug. The insert 
corresponds to the Stern−Volmer plot. c(ctDNA) = 9.4 × 10−5 mol L−1; c(BH) = 1.67 × 10−5 mol L−1; 

c(Drug)/(10−6 mol L−1), 1−11: from 0 to 20.0 at increments of 2.0.  
208x146mm (150 x 150 DPI)  
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Fig. 6 Stern−Volmer plots of ctDNA−BH−drug system (A), modified Stern−Volmer plots of ctDNA−BH−drug 
system (B), and van't Hoff plot of ctDNA−BH−drug system (C).  

291x228mm (150 x 150 DPI)  
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Fig. 7 Stern−Volmer plots (A) and modified Stern−Volmer plots (B) of ctDNA−BH−drug system in the 
absence and presence of NaCl. c(ctDNA) = 9.4 × 10−5 mol L−1; c(BH) = 1.67 × 10−5 mol L−1; 

c(Drug)/(10−6 mol L−1): from 0 to 20.0 at increments of 2.0. c(NaCl) = 0.15 mol L−1.  
377x146mm (150 x 150 DPI)  
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Fig. 8 Stern−Volmer plots (A) and modified Stern−Volmer plots (B) of ctDNA−BH−drug system in the 
absence and presence of urea or GuHCl. c(ctDNA) = 9.4 × 10−5 mol L−1; c(BH) = 1.67 × 10−5 mol L−1; 

c(Drug)/(10−6 mol L−1): from 0 to 20.0 at increments of 2.0. c(Urea) = c(GuHCl) = 0.01 mol L−1.  
377x146mm (150 x 150 DPI)  
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Fig. 9 Stern−Volmer plots (A) and modified Stern−Volmer plots (B) of ctDNA−BH−drug system at different 
denatured temperatures. c(ctDNA) = 9.4 × 10−5 mol L−1; c(BH) = 1.67 × 10−5 mol L−1; c(Drug)/(10−6 

mol L−1): from 0 to 20.0 at increments of 2.0.  
355x146mm (150 x 150 DPI)  
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Fig. 10 Stern−Volmer plots (A) and modified Stern−Volmer plots (B) of ctDNA−BH−drug system at different 
pH values. (C) Plot of quenching constants versus pH value. c(ctDNA) = 9.4 × 10−5 mol L−1; c(BH) = 1.67 

× 10−5 mol L−1; c(Drug)/(10−6 mol L−1): from 0 to 20.0 at increments of 2.0.  
291x228mm (150 x 150 DPI)  
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Fig. 11 (A) CD spectra of ctDNA, drug and ctDNA−drug complex with various concentrations of drug. 
c(ctDNA) = 4.5 × 10−5 mol L−1. The molar ratios of drug to ctDNA were 0:1 (a), 1.3:1 (b), 5.3:1 (c) and 

10.7:1 (d), respectively. (B) FT−IR spectrum of ctDNA, and the difference FT−IR spectra between 

ctDNA−drug complex and drug with different molar ratios of drug to ctDNA. c(ctDNA) = 3.0 × 10−2 mol 
L−1. The molar ratios of drug to ctDNA were 1:10 (a), 1:20 (b) and 1:40 (c), respectively. (C) Intensity 

ratio variations for several ctDNA vibrations as a function of drug concentration.  
291x232mm (150 x 150 DPI)  
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Fig. 12 (A) Cyclic voltammograms of bare gold electrode and ctDNA modified gold electrode with various 
concentrations of drug. c(Drug)/(10−6 mol L−1), 1−9: from 0 to 9.6 at increments of 1.2. Insert was the 
linear relationship between the reciprocal of the current drop and the reciprocal of drug concentration. (B) 
Electrochemical impedance spectra of ctDNA modified gold electrode with various concentrations of drug. 
c(Drug)/(10−6 mol L−1), 1−10: from 0 to 43.2 at increments of 4.8. Insert was the linear relationship 

between c / Rct and c.  
377x146mm (150 x 150 DPI)  
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Table 1. Stern−Volmer quenching constants KSV, bimolecular quenching constants Kq, modified 

Stern−Volmer quenching constants Ka and relative thermodynamic parameters for the interaction 

between drug and ctDNA−BH complex at three different temperatures. 

 

T (K) 
Ksv  

(10
4
 L mol

–1
) 

Kq  
(10

12
 L mol

–1
 s

–1
) 

R
2a

 S.D.
b
 

Ka 
(10

4
 L mol

–1
) 

R
2a

 
∆H 

(kJ mol
–1

) 
∆G 

(kJ mol
–1

) 
∆S 

(J mol
–1

 K
–1

) 
R

2a
 S.D.

b
 

298 3.08 3.08 0.999 0.009 3.20 0.999 

−133.2 

−20.56 

−377.9 

0.999 0.015 

304 2.75 2.75 0.998 0.012 1.92 0.998 −18.30 0.998 0.035 

310 2.39 2.39 0.999 0.007 0.73 0.999 −16.03 0.999 0.028 

a 
R

2 
is the correlation coefficient; 

b
 S.D. is standard deviation. 
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Table 2. Stern−Volmer quenching constants KSV and modified Stern−Volmer quenching constants Ka 

of ctDNA−BH−drug system in the absence and presence of NaCl, urea or GuHCl. 

 

System 
Ksv  

(10
4
 L mol

–1
) 

R
2a

 S.D.
b
 

Ka 

(10
4
 L mol

–1
) 

R
2a

 S.D.
b
 

Blank 3.08 0.999 0.009 3.20 0.999 0.015 

With NaCl 2.91 0.998 0.012 3.15 0.999 0.016 

With urea 2.94 0.997 0.022 2.35 0.999 0.173 

With GuHCl 2.71 0.997 0.018 2.77 0.998 0.241 

 
a 
R

2 
is the correlation coefficient; 

b
 S.D. is standard deviation. 
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Table 3. Stern−Volmer quenching constants KSV and modified Stern−Volmer quenching constants Ka 

of ctDNA−BH−drug system at different denatured temperatures. 

 

T 
Ksv 

(10
4 

L mol
–1

) 
R

2a
 S.D.

b
 

Ka 

(10
4
 L mol

–1
) 

R
2a

 S.D.
b
 

25°C 3.08 0.999 0.015 3.20 0.999 0.066 

50°C 2.90 0.996 0.028 3.06 0.998 0.025 

50°C (ice-water bath) 2.78 0.995 0.030 2.98 0.999 0.015 

80°C 2.28 0.998 0.015 1.06 0.999 0.023 

80°C (ice-water bath) 2.25 0.998 0.016 0.96 0.997 0.040 

100°C 2.20 0.998 0.016 0.06 0.999 0.099 

100°C (ice-water bath) 2.19 0.999 0.011 0.05 0.999 0.015 

 
a 
R

2 
is the correlation coefficient; 

b
 S.D. is standard deviation; 
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Table 4. Stern−Volmer quenching constants KSV and modified Stern−Volmer quenching constants Ka 

of ctDNA−BH−drug system at different pH values. 

 

pH 
Ksv 

(10
4 

L mol
–1

) 
R

2a
 S.D.

b
 

Ka 

(10
4
 L mol

–1
) 

R
2a

 S.D.
b
 

2.4 7.26 0.997 0.047 0.38 0.999 0.030 

3.4 4.20 0.996 0.026 1.12 0.997 0.034 

4.4 3.37 0.997 0.021 1.67 0.998 0.032 

5.4 3.27 0.999 0.011 2.06 0.998 0.023 

6.4 3.18 0.998 0.015 2.91 0.997 0.035 

7.4 3.08 0.998 0.013 3.20 0.997 0.036 

8.4 3.22 0.998 0.012 3.01 0.995 0.048 

9.4 3.82 0.997 0.020 2.84 0.999 0.014 

10.4 5.25 0.996 0.039 2.64 0.998 0.017 

 
a 
R

2 
is the correlation coefficient; 

b
 S.D. is standard deviation; 
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