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To assess the potential cytostatic properties of the thulium(III)-arsenazo III complex as a probe of rare earth complex antitumor
drugs, the interaction information of the thulium(III)-arsenazo III complex with DNA was obtained by using spectroscopy,
viscosity measurements, and voltammetric methods. ,e thermodynamic functions demonstrated that the binding constants of
the thulium(III)-arsenazo III complex with DNA were Kθ

298.15K � 4.84×106 L·mol−1 and Kθ
308.15K � 4.48×106 L·mol−1, and the

binding process was enthalpy driven. ,e increase in relative viscosity of DNA with the addition of the thulium(III)-arsenazo III
complex and the results from Scatchard and voltammetric methods showed that the interaction mode between the thulium(III)-
arsenazo III complex and DNA was groove binding along with weak intercalative binding.

1. Introduction

As is known to all, DNA is an important genetic substance in
organisms which controls the synthesis of protein and ex-
pression of the gene. [1] Due to advances in medical
technology, DNA has become the target molecule for many
antitumor and anticancer drugs in recent years [2]. In-
teraction of DNA with small molecules is of current interest
and significance in many research fields, such as bio-
chemistry, medicinal chemistry, and cancer therapy [3]. A
large number of researches have shown that the pharma-
cological activity of most antitumor drugs is related to the
binding mode of DNA. Generally, the interaction modes of
small molecules with DNA have been broadly categorized
into the following three types including intercalative
binding, groove binding, and electrostatic binding [4]. In the
majority of situations, the intercalative binding is stronger
than the other two binding modes because the intercalative
molecule is sandwiched between the aromatic heterocyclic
base pairs of DNA [5]. However, depending on particular
properties of the ligands and other conditions of binding,
groove binders may bind to DNA more tightly than typical
intercalators. ,us, due to the interaction mechanism of

small molecules with DNA being revealed, it will help to
improve the efficacy of antitumor basing on molecular bi-
ological theory and provide a guidance for the development
of the novel, highly efficient, and low toxic antitumor drugs
[6, 7].

Since the rare earth ion has anti-inflammatory, bacte-
ricidal, and analgesic properties, it can effectively combine
with nucleic acids which are superior to transition metals
and small molecules [6]. In addition, their toxicities are
decreased and the pharmaceutical properties have been
improved when they coordinate with a ligand [8]. So, the
interaction of rare earth metal complexes with DNA has
received much attention in recent years, and these results are
promising for their application in the development of new
antitumor drugs [1]. Arsenazo III (ASA) is a bis-azo metal-
chromogenic reagent which has been in use since 1960 for
spectrophotometric determination of metal ions. And now,
it continues to attract oncologists’ attention [9, 10], and the
chemical structure of ASA is shown in Figure 1. As the
researchers all know, ASA has been widely used in the
analysis of rare earth elements [11]. A large number of
studies have demonstrated the complexation behavior of
ASA with rare earth elements [12, 13], but the interaction of
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ASA-rare earth metal complexes with DNA has seldom been
reported until now. In addition, formation of earth metal
complexes can not only improve the pharmaceutical
properties of rare earth metals but also produce better
synergistic effects of rare earth elements and small organic
molecules. Hence, the researchers have done more metic-
ulous research about the interaction of the thulium(III)-
arsenazo III (Tm(III)-ASA) complex with DNA.

A number of techniques have been applied for in-
vestigation of the interaction of small molecules with DNA,
including UV spectrophotometry [14–16], fluorescence
spectroscopy [17–20], circular dichroism spectroscopy
[21, 22], mass spectrometry [23], electrochemical methods
[24], voltammetry [25], X-ray diffraction [26], and dynamic
viscosity measurements [27]. Among these techniques, UV
spectrophotometry and fluorescence spectroscopy are
regarded as the more effective methods because they are
simple, rapid, and sensitive [28]. Furthermore, UV-vis and
fluorescence measurements could obtain information re-
lated to the binding mechanisms between small molecules
and DNA, such as molar ratio, binding modes, binding
constants, quenching rate constants, and thermodynamic
parameters [29].

In this article, the researchers have characterized the
composition of Tm(III)-ASA complex and the interaction
parameter of Tm(III)-ASA complex with DNA by UV-vis
spectrophotometry, fluorescence spectroscopy, viscosity
measurements, and voltammetry. ,e binding mode,
binding ratio, thermodynamic parameters, and binding
constants were also obtained. Additionally, we selected
acridine orange (AO) and 4S green plus nucleic acid stain
(4S Green) as the probe, which can intercalate into the base
pairs of double-stranded DNA, and the fluorescence in-
tensity is enhanced, and they offer lower toxicity, higher
stability, and convenience of using [27]. From this study, the
researchers believe that it will provide useful information on
the interaction mechanism of rare earth metal complexes
with DNA and guide for the synthesis of new anticancer and
antitumor drugs.

2. Experiments and Methods

2.1. Materials and Reagents. Herring sperm DNA (Sigma
Chem. Co., USA) was used without further purification, and

its stock solution was prepared by dissolving an appropriate
amount of DNA in 50.0mM tris-HCl buffer solution (pH
7.40) and storing at 4°C before being used.,e concentration
of DNA in stock solution was determined by UV absorption
at 260 nm using a molar absorption coefficient,
ε260 � 6600 L·mol−1·cm−1 [30]. Purity of DNA was checked
by monitoring the absorbance at 260 nm and 280 nm. When
it was the ratio >1.8 of A260/A280, it indicates that DNA was
free from protein [31]. All samples were dissolved in
50.0mM tris-HCl buffer solution (pH 7.40). ,e stock so-
lution of Tm3+ (2.00×10−3mol·L−1) was prepared by dis-
solving Tm2O3 (99.95%; Fourth Reagent Factory, Shanghai,
China) in hydrochloric acid and heating it until nearly being
dried, then diluting with ultrapure water. A stock solution
(5.00×10−4mol·L−1) of arsenazo III (Jinsui Bio-Technology,
Shanghai, China) was prepared by dissolving its crystals in
ultrapure water. Acridine orange (AO) dye stock solution
(5.00×10−4mol·L−1) was prepared by dissolving its crystals
(Sigma Chem. Co., USA) in ultrapure water. 4S green plus
nucleic acid stain was purchased from Sigma-Aldrich Cor-
poration (America). All chemicals were of the analytical grade
without further purification. All solutions were prepared with
ultrapure water which was obtained through a Millipore
Milli-Q water purification system (Billerica, Bedford, MA)
and had an electrical resistivity of > 18.25MΩ·cm.

2.2. Apparatus. ,e absorption spectra were measured on
a Lambda 35 spectrophotometer (Perkin Elmer Company,
America) using a 1.0 cm cuvette. ,e fluorescence spectra
were measured using a LS-55 fluorophotometer (Perkin
Elmer Company, America). ,e slits for excitation and
emission were both set at 5.0 nm and the scan rate at
240 nm·min−1. ,e viscosity measurements were carried out
using an NDJ-79 viscosity meter (Yinhua Flowmeter Co.
Ltd., Hangzhou, China). ,e cyclic voltammetric (CV) ex-
periments were carried out with a CHI820B electrochemical
workstation (CH Instrument Company, Texas, America). A
FE20 pH meter (Mettler-Toledo Instruments, Shanghai,
China) was used to pH measurements. All experiments,
unless otherwise specified, were carried out at room tem-
perature (25± 1°C).

2.3. Procedures

2.3.1. UV-Vis Spectral Measurements. ,e UV-vis absorp-
tion spectra of ASA, Tm(III), and its mixture with DNAwere
measured in the wavelength range of 300 to 800 nm at room
temperature. ,e solution in the cuvette was mixed thor-
oughly prior to each scan, and the volume affection was so
small that it could be ignored. In addition, all experiments
used the 50.0mM tris-HCl buffer solution (pH 7.40) as the
reference solution.

2.3.2. Fluorescence Spectral Measurements. ,e different
concentrations of the Tm(III)-ASA complex, 4S Green, or
AO were added directly into the quartz cuvette that contains
the DNA solution. ,e solution in the cuvette was mixed
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Figure 1: ,e chemical structure of arsenazo III.
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uniformly before each being scanned, and the volume af-
fection could be ignored for small change in volume.,e slits
for excitation and emission were both set at 5.0 nm and
λex � 490 nm, respectively, and the scan rate at 240 nm·min−1.

2.3.3. Viscosity Measurement. Viscosity measurement was
measured by using a viscometer at room temperature, and
the viscometer was placed in the thermostat for keeping
a constant temperature. Different amounts of the Tm(III)-
ASA complex was added into the viscometer while keeping
DNA concentration constant. ,e flow times of the samples
were repeatedly measured with an accuracy of ±0.2°C, and
each sample was measured three times at least.,e data were
presented as ln(η/η0) versus cTm(III)-ASA/cDNA, where η and
η0 are the viscosity of DNA in the presence and the absence
of the Tm(III)-ASA complex.

2.3.4. Cyclic Voltammetric Measurement. ,e cyclic vol-
tammetric (CV) experiment was carried out with an elec-
trochemical workstation which used three-electrode system
at room temperature. A glassy carbon (GC) disk electrode
of 3.0mm diameter was used as the working electrode,
a platinum sheet as the counter electrode, and a saturated
calomel electrode (SCE) as the reference electrode. Cyclic
voltammograms of electrodes were obtained in 50.0mM
tris-HCl buffer solution (pH 7.40) with the potential range
between −0.5V and 0.5 V and a sweep rate of 50.0mV·s−1.

3. Results and Discussion

3.1. UV-Vis Spectroscopic Characteristics. Numerous re-
search studies showed that the absorption spectrum changed
when the small molecule interacted with DNA and formed
a new complex [32]. Figure 2 shows that the absorption
spectra of ASA, DNA, Tm(III), DNA-ASA, DNA-Tm(III),
Tm(III)-ASA complex, and Tm(III)-ASA-DNA system at
a certain concentration were obtained using a UV-vis
spectrometer. By seeing the spectrogram, there were not
absorption peaks of DNA (curve f ), Tm(III) (curve g), and
DNA-Tm(III) system (curve e) in the wavelength of the
visible region. ,e maximum absorption of ASA (curve c)
was located at approximately 550 nm, but the absorbance of
DNA-ASA (curve d) decreased apparently, it indicated the
formation of DNA-ASA supramolecular complexes. How-
ever, when Tm(III) was added in ASA solution, the maxi-
mum absorption of Tm(III)-ASA (curve b) was located in
about 605 nm with an apparently red shift of 55 nm, and
peak height increased remarkably, which indicated the
formation of the Tm(III)-ASA complex and then, added the
same amount of DNA to the system, the absorbance of
DNA-Tm(III)-ASA (curve a) system increased remarkably at
603 nm, with a slight blue shift of 2 nm. ,e result showed
that a binding interaction between the Tm(III)-ASA com-
plex and DNA had occurred.

3.2. Spectroscopic Study of Interaction between 3ulium(III)
and ASA III. ,e absorption spectra of the ASA with the

addition of Tm(III) are shown in Figure 3(a). When the
concentration of Tm(III) was increased, the absorption peak
intensity of ASA at approximately 550 nm exhibited that it
gradually decreased with a slight red shift. In addition, two
new absorption peaks were, respectively, formed at about
605 nm and 655 nm. An isosbestic point at 575 nm also
provided an evidence for the new Tm(III)-ASA complex
formation.

In order to obtain the stoichiometry of Tm(III)-ASA
complex, the molar ratio method was executed based on the
absorbance intensity of Tm(III)-ASA complex at 605 nm.
,e mole ratio [33] plots of ASA with Tm(III) are shown
in Figure 3(b), and the binding ratio of the complex was
nTm(III): nASA � 2:3. According to the Lambert–Beer law,
A� εbc, where A is the absorbance intensity of Tm(III)-ASA
and c is the concentration of Tm(III)-ASA. ,e apparent
molar absorption coefficient of Tm(III)-ASA complex was
determined, ε� 7.94×103 L·mol−1·cm−1.

3.3. Spectroscopic Study of3ulium(III)-Arsenazo IIIComplex
Interaction with DNA. ,e absorption spectra of Tm(III)-
ASA complex in the presence of different concentrations of
DNA are shown in Figure 4(a). From Figure 4(a), the ab-
sorption peak of the Tm(III)-ASA complex at about 550 nm.
With the addition of DNA, the absorbance peak of Tm(III)-
ASA complex decreased gradually, and a red shift was ob-
served from 550 to 560 nm which leaded to hypochromic
effect. In addition, two new absorption peaks, respectively,
appeared at about 605 nm and 655 nm. It indicated that the
Tm(III)-ASA complex could strongly interact with DNA.

,e molar ratio method was used to obtained the
stoichiometry of the Tm(III)-ASA complex with DNA at
655 nm. Figure 4(b) showed that the binding ratio of the
complex was nTm(III)-ASA: nDNA � 12:1. According to the
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Lambert–Beer law A� εbc, and the apparent molar ab-
sorption coe
cient, ε� 4.71×105 L·mol−1·cm−1 was
calculated.

3.4. �ermodynamic Analysis. �e value of the binding
constant K of Tm(III)-ASA complex with DNA was
expressed by the double reciprocal equation [34]:

1
A0 −A( )

�
1
A0
+

1
K × A0 × cDNA( )

, (1)

where A0 and A are the absorbance of Tm(III)-ASA complex
in the absence and in the presence of DNA, respectively. K is
the binding constant of Tm(III)-ASA complex with DNA and
cDNA is the concentration of DNA. �e double-reciprocal
plots of 1/(A0 −A) versus 1/cDNA were linear at 298.15K and
308.15K, respectively. �e binding constants K were calcu-
lated from the ratio of the intercept on the vertical (Figure 5):

Kθ
298.15K� 4.84×106 L·mol−1 and Kθ

308.15K� 4.48×106 L·
mol−1. �e interaction forces between small molecules and
DNA mainly include hydrophobic force, electrostatic in-
teraction, Van der Waals force, and hydrogen bonds [35].
According to Ross’ view [36], the main binding force can be
judged by the standard enthalpy change (ΔrHθ

m) and the
standard entropy change (ΔrSθm). If the temperature was
a little changed, the ΔrHθ

m could be regarded as a constant,
and then, the value of ΔrHθ

m is calculated from the van’t Ho�
equation [37]:

ln
Kθ

2

Kθ
1
�
−ΔrHθ

m 1/T2 − 1/T1( )
R

, (2)

where Kθ
1 and K

θ
2 are the standard binding constants of Tm

(III)-ASA complex with DNA at 298.15K and 308.15K,
respectively and R is gas constant. So, the value of ΔrHθ

m is
obtained, ΔrHθ

m �−5.903×10
3 J·mol−1. According to the
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Figure 3: (a) Absorption spectra of ASA in di�erent concentrations of thulium (III); (b) molar ratio of thulium(III)-arsenazo III complex at
λ� 605 nm (pH 7.40). cArsenazo III� 5×10−5mol·L−1; c�ulium (III)� 1× 10−4mol·L−1; cDNA� 1× 10−5mol·L−1 (10 μL per scan, 1–16: 0–150 μL).
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Figure 4: (a) Absorption spectra of thulium(III)-arsenazo III complex in di�erent concentrations of DNA; (b) molar ratio of DNA-thulium
(III)-arsenazo III system at λ� 655 nm (pH 7.40). cArsenazo III� 5×10−5mol·L−1; c�ulium (III)� 1× 10−4mol·L−1; cDNA� 1× 10−5mol·L−1.
(10 μL per scan, 1–19: 0–180 μL).
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Equations (3) and (4), the standard free energy change ΔrGθ
m

and the standard entropy change ΔrSθm are calculated,
respectively.

ΔrG
θ
m � −RT lnKθ, (3)

ΔrG
θ
m � ΔrH

θ
m −TΔrS

θ
m. (4)

From the Equation (3), the standard molar reaction Gibbs
free energyΔrGθ

m can be obtained,ΔrGθ
m � -3.82×10

4 J·mol−1.
So, the value of ΔrSθm is 108.33 J·mol−1·K−1. Due to the
ΔrGθ

m < 0, it showed that the binding process of Tm(III)-ASA
complex with DNA is always spontaneous. However, the
enthalpy contribution was calculated as −5.903 kJ/mol for
dG�−38.2 kJ/mol. It follows that the entropic contribution
equals to 38–5.9 kJ/mol which therefore appears to be
dominating over the enthalpic contribution.

3.5. Fluorescence Spectrophotometry for �ulium(III)-
Arsenazo III Complex and 4S Green Probe Competitive In-
teraction with DNA. �e direct use of the ¤uorescence
emission of DNA has a major limitation in the study of its
related properties because the ¤uorescence of DNA is very
weak. 4S green plus nucleic acid stain (4S Green) is a kind of
cationic dye, for its planar aromatic chromophore, which
can intercalate into the base pairs of double-stranded DNA
and the ¤uorescence intensity is greatly enhanced. So, it can
act as an indicator of intercalation. On excitation at 490 nm,
4S Green has a strong ¤uorescence emission peaked at
525 nm. Figure 6(a) showed that the maximum emission
intensity of 4S Green gradually increased with increasing
concentration of DNA, and a slight blue shift took place.
�is result indicated that 4S Green could intercalate into the
base pair of DNA and form a new complex.

�e ¤uorescence intensity of the DNA-4S Green system
gradually decreased with the increased concentration of the

Tm(III)-ASA complex at 525 nm (Figure 6(b)). �us, there
was a competition mode between 4S Green and the Tm(III)-
ASA complex with DNA, which led to the change of
¤uorescence of spectrum [38]. Figure 6(b) shows that the
¤uorescence of the DNA-4S Green system is e
ciently
quenched by adding the Tm(III)-ASA complex. �ese
phenomena proved that the Tm(III)-ASA complex in-
tercalated into the double helix of the DNA by exchanging
with 4S Green. In addition, it also indicated that the binding
mode of the Tm(III)-ASA complex with DNA was the same
as 4S Green with DNA. [39].

3.6. Scatchard Method. �e ¤uorescence Scatchard analysis
is usually used to study the in¤uence of AO to the DNA-Tm
(III)-ASA system and con¦rm the binding modes [40].
Scatchard equation [41] expresses the binding mode of the
DNA-Tm(III)-ASA complex in the presence of di�erent
concentrations of AO probe.

rAO
cAO

� K n− rAO( ), (5)

where rAO refers to the molecular amount of bound AO to
total DNA concentration; cAO is the concentration of free AO;
n is the number of binding sites of DNA; andK is the intrinsic
binding constant of DNA-AO. �ere are di�erent concen-
trations of the Tm(III)-ASA complex (Rt� cTm(III)-ASA/cDNA;
a, Rt� 0.00; b, Rt� 0.20; c, Rt� 0.40; and d, Rt� 0.60, re-
spectively), and then the samples were titrated by AO solution,
and the ¤uorescence intensity was measured. If the values of n
were equal at di�erent Rt, the Tm(III)-ASA complex would be
regarded as an intercalation binding mode, and it would be
regarded as a disintercalation binding mode if the values of K
were equal. However, there were mix binding modes that
contained disintercalation and intercalation binding if both the
values of n and K were changed. [42, 43] In order to testify if
there was electrostatic binding between the Tm(III)-ASA
complex and DNA, the researcher used 0.05mol/L NaCl in
the Scatchard studies. �e Scatchard plots in the absence
of NaCl and the presence of NaCl are shown in Figures. 7(a)
and 7(b), respectively.

According to the Scatchard equation (5) and from the
Scatchard plots, the values of n and K were calculated. From
Table 1, if the value of n is increased in the presence of NaCl,
these results indicated that there was no electrostatic binding
[44], but disintercalation binding mode-groove interaction
existed in the DNA-Tm(III)ASA system because of the
variation of the parameters n and K that are di�erent from
each other. In addition, a part of the free AO molecules
would combine with DNA molecules, the binding between
Tm(III)-ASA and DNA was weak, and the values of n in-
creased. �us, the interaction mode between the Tm(III)-
ASA complex and DNA contained groove and weak in-
tercalation bindings.

3.7. Viscosity Measurements. Viscosity measurement is one
of the most e�ective methods to judge the binding modes
between small molecules and DNA than spectral measure-
ments [45, 46]. Generally speaking, classical intercalation
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leads to an increase in the viscosity of DNA solution because
the length of the double-helical structure of the DNA is in-
creased for the insertion ligand. Groove and electrostatic

bindings cause no obvious increase in DNA viscosity. Figure 8
shows that the value of relative viscosity was enhanced by
increasing the concentrations of the Tm(III)-ASA complex.
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Table 1: Data from the Scatchard equation on the interaction between thulium(III)-arsenazo III complex and DNA.

Curve c�ulium(III)-arsenazo III/cDNA NaCl (mol/L) Scatchard plot values K (L/mol) n

a 0.00 0.00 r/c� 1.99×104 –1.05×107 r 1.05×107 0.00169
0.05 r/c� 4.23×104 –1.28×107 r 1.28×107 0.00207

b 0.20 0.00 r/c� 2.35×103 – 8.63×106 r 8.63×106 0.00027
0.05 r/c� 1.24×104 – 8.58×106 r 8.58×106 0.00122

c 0.40 0.00 r/c� 2.61× 104 – 6.01× 106 r 6.01× 106 0.00404
0.05 r/c� 9.14×103 – 9.93×106 r 9.93×106 0.00082

d 0.60 0.00 r/c� 2.85×104 – 5.62×106 r 5.62×106 0.00420
0.05 r/c� 1.74×104 –1.04×107 r 1.04×1107 0.00149
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Figure 6: (a) Fluorescence spectra of 4S Green in di�erent concentrations of DNA (pH 7.40; λex� 490 nm, λem� 525 nm).
c4S Green� 2.5×10−6mol·L−1; cDNA� 1× 10−5mol·L−1 (10 μL per scan, 1–18: 0–170 μL); (b) ¤uorescence spectra of DNA-4S Green system in
di�erent concentrations of thulium(III)-arsenazo III complex (pH 7.40; λex� 490 nm, λem� 525 nm). c4SGreen� 2.5×10−6mol·L−1;
cDNA� 1× 10−6mol·L−1; c�ulium (III)-arsenazo III� 5.00×10−4mol·L−1 (10 μL per scan, 1–18: 0–170 μL).
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�is result indicated that the interaction method of the Tm
(III)-ASA complex with DNA should be intercalation
binding.

3.8. Cyclic Voltammetric Measurements. �e electro-
chemical study on the interaction of Tm(III)-ASA complex
with DNA has seldom been presented although numerous
studies on the interaction of some drugs with DNA have
been reported [47]. In order to investigate the interaction of
DNAwith the Tm(III)-ASA complex, cyclic voltammograms
of electrodes in 50.0mM tris-HCl bu�er solution (pH 7.40)
which contains a certain concentration of Tm(III)-ASA
complex in the presence of DNA and absence of DNA
were used for a voltammetric test. As seen in Figure 9, it was
noteworthy that a pair redox peaks appeared, and the peaks
potential at about −0.136V and 0.231V where produced by
the Tm(III)-ASA complex (curve a). After DNA addition,
the oxidation peak potential of the corresponding complex
shifted towards the more positive potential, and the peak
current increased (curve b). �is suggested that the Tm(III)-
ASA complex interacts with DNA. Because numerous
studies showed that if there was a shift towards the negative
potential, interaction between DNA and complex is mainly
electrostatic. On the contrary, when the shift of peak hap-
pens towards the positive potential, there is the interaction of
small molecules and DNA [48, 49]. In this study, the peak
potential appears at more positive values in the presence of
DNA, which also indicated that an intercalation binding
should be the interaction mode of the Tm(III)-ASA complex
with DNA.

4. Conclusion

In summary, the interaction of Tm(III)-ASA complex with
DNA was demonstrated in detail. Hypochromicity and red
shift of the absorption spectra of Tm(III)-ASA complex were
obtained in the presence of DNA which provided an evi-
dence for the new Tm(III)-ASA-DNA complex formation.
A competitive reaction of the Tm(III)-ASA complex and

4S Green with DNA was monitored by ¤uorescence spec-
troscopy, and it indicated that the Tm(III)-ASA complex
could intercalate into the double helix of DNA, but the
intercalation binding mode was weaker than 4S Green. �e
researchers believed that the interaction information be-
tween Tm(III)-ASA complex and DNA would provide
a useful reference on the interactionmechanism of rare earth
complexes with DNA, which would be bene¦cial to design
highly e
cient anticancer and antitumor drugs for most of
the researchers.
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