
Full Terms & Conditions of access and use can be found at
https://www.tandfonline.com/action/journalInformation?journalCode=tbsd20

Journal of Biomolecular Structure and Dynamics

ISSN: 0739-1102 (Print) 1538-0254 (Online) Journal homepage: https://www.tandfonline.com/loi/tbsd20

Evaluation of DNA, BSA binding, DNA cleavage and
antimicrobial activity of ytterbium(III) complex
containing 2,2'-bipyridine ligand

Zahra Aramesh-Boroujeni, Shohreh Jahani, Mozhgan Khorasani-Motlagh,
Kagan Kerman & Meissam Noroozifar

To cite this article: Zahra Aramesh-Boroujeni, Shohreh Jahani, Mozhgan Khorasani-Motlagh,
Kagan Kerman & Meissam Noroozifar (2019): Evaluation of DNA, BSA binding, DNA cleavage
and antimicrobial activity of ytterbium(III) complex containing 2,2'-bipyridine ligand, Journal of
Biomolecular Structure and Dynamics, DOI: 10.1080/07391102.2019.1617788

To link to this article:  https://doi.org/10.1080/07391102.2019.1617788

Published online: 27 May 2019.

Submit your article to this journal 

View Crossmark data

https://www.tandfonline.com/action/journalInformation?journalCode=tbsd20
https://www.tandfonline.com/loi/tbsd20
https://www.tandfonline.com/action/showCitFormats?doi=10.1080/07391102.2019.1617788
https://doi.org/10.1080/07391102.2019.1617788
https://www.tandfonline.com/action/authorSubmission?journalCode=tbsd20&show=instructions
https://www.tandfonline.com/action/authorSubmission?journalCode=tbsd20&show=instructions
http://crossmark.crossref.org/dialog/?doi=10.1080/07391102.2019.1617788&domain=pdf&date_stamp=2019-05-27
http://crossmark.crossref.org/dialog/?doi=10.1080/07391102.2019.1617788&domain=pdf&date_stamp=2019-05-27


Evaluation of DNA, BSA binding, DNA cleavage and antimicrobial activity of
ytterbium(III) complex containing 2,2’-bipyridine ligand

Zahra Aramesh-Boroujenia,b, Shohreh Jahanic, Mozhgan Khorasani-Motlaghd, Kagan Kermane and Meissam
Noroozifard,e

aDepartment of Clinical Laboratory, AlZahra Hospital, Isfahan University of Medical Sciences, Isfahan, Iran; bDepartment of Chemistry,
University of Isfahan, Isfahan, Iran; cNano Bioeletrochemistry Research Center, Bam University of Medical Sciences, Bam, Iran; dDepartment
of Chemistry, University of Sistan and Baluchestan, Zahedan, Iran; eDepartment of Physical and Environmental Sciences, University of
Toronto Scarborough, Toronto, Ontario, Canada

Communicated by Ramaswamy H. Sarma

ABSTRACT
In order to estimate the biological potential of a synthesized complex [Yb(bpy)2Cl3.OH2] where bpy is
2,2’-bipyridine, its binding behavior with fish salmon-DNA (FS-DNA) and bovine serum albumin (BSA)
were studied by different kinds of spectroscopy and molecular modeling methods. This complex was
selected for its antibacterial and antifungal activities as well as the DNA cleavage activities were exam-
ined by agarose gel electrophoresis. The analyses of fluorescence data at four temperatures were
done in order to evaluate the binding and thermodynamic parameters of the interaction of Yb(III)
complex with DNA and BSA. The experimental results indicated that the major binding modes were
based on groove binding with DNA and BSA. In addition, iodide quenching studies, ethidium bromide
(EtBr) exclusion assay, ionic strength effect, circular dichroism, and viscosity studies reflected the bind-
ing of Yb(III) complex explicitly with the FS-DNA mainly in a groove binding mode. Moreover, molecu-
lar docking studies indicated that this complex was bound to the minor groove of DNA and to polar
and apolar residues located in the subdomain IB of BSA (site 3). Also, the results of competitive experi-
ments assessed site 3 of BSA as the most probable binding site for this complex. The molecular dock-
ing results were in good agreement with our experimental results. From both experimental and
docking results, the binding constant values displayed the remarkably high affinity of Yb(III) complex
to DNA as well as BSA.
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1. Introduction

In recent years, lanthanide complexes have become a very
active area of research. Due to their electronic structure, long
luminescence decay times, and narrow emission bands, these
complexes have unusual properties that make them suitable
for potential applications in lasers, catalysis, electronic and
luminescent materials (Cârâc et al., 2018). In the medicinal
and pharmaceutical field, lanthanide complexes have
received significant attention, particularly in bioanalysis,
imaging, radioimmunotherapy, fungicidal, antimicrobial and
anti-tumor properties (Amoroso & Pope, 2015; Cârâc et al.,
2018; Chen et al., 2011; Fricker, 2006; Kostova & Stefanova,
2010; Premkumar & Govindarajan, 2006; Thompson & Orvig,
2006). Since, lanthanide complexes indicated a variety of bio-
logical applications, several studies have investigated the
binding properties of lanthanide complexes with nucleic acid
and proteins such as serum albumins (Ali, Kumar, Kumar, &
Pandey, 2016; Hu, Ou-Yang, Bai, Zhao, & Liu, 2010; Zhao,
Sun, Ren, & Qu, 2016).

As we all know, DNA plays a vital role in the long-term
storage of genetic information. DNA binding studies are very

important in the development of new therapeutic reagents
and DNA molecular probes. The investigation of interactions
of DNA with drug molecules can help understand the
molecular mechanisms of structure–activity relationships.
Metal compounds can bind to DNA via covalent or noncova-
lent interactions (including groove, electrostatic and interca-
lative binding) (Shahabadi, Falsafi, & Maghsudi, 2017).
Furthermore, serum albumin is the major soluble protein in
all vertebrates and has many physiological functions, such as
transportation, nutrition, buffering, etc (Biswas et al., 2018;
Singh, Pagariya, Jain, Naik, & Kishore, 2018; Suganthi &
Elango, 2019; Wang, Zhang, Zhang, Tao, & Tang, 2007; Wu
et al., 2008; Yousuf, Bashir, Arjmand, & Tabassum, 2018). This
inspires significant interest in the study of the biochemical
behavior of lanthanide complexes including their interactions
with DNA and bovine serum albumin (BSA), which are pri-
mary target molecules, when lanthanide complex is adminis-
tered intravenously (Moradinia, Mansournia, Aramesh-
Boroujeni, & Bordbar, 2019; Wu et al., 2008).

Here, in continuation of our previous works (Alfi,
Khorasani-Motlagh, & Noroozifar, 2017; Aramesh-Boroujeni
et al., 2018, 2019; Aramesh-Boroujeni, Khorasani-Motlagh, &
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Noroozifar, 2016; Jahani, Khorasani-Motlagh, & Noroozifar, 2016;
Jahani, Noroozifar, Khorasani-Motlagh, Torkzadeh-Mahani, &
Adeli-Sardou, 2019; Moradi, Khorasani-Motlagh, Rezvani, &
Noroozifar, 2018), we attempted to introduce an Yb(III) complex
that contains bpy ligand [Yb(bpy)2Cl3(OH2)] (Scheme 1) as a
new probe to DNA and BSA. In this report, the interactions of
this complex with FS-DNA and BSA have been investigated in
detail by using UV–vis and fluorescence spectroscopies, circular
dichroism and molecular docking method. Moreover, we have
examined the DNA cleaving ability of Yb(III) complex by gel
electrophoresis . In order to explore the antibacterial and anti-
fungal effects of Yb(III) complex, minimum inhibitory concentra-
tion (MIC) and minimum bactericidal concentration (MBC) were
determined against Gram-negative, Gram-positive bacteria and
Candida albicans (C. albicans).

2. Experimental

2.1. Materials and instrumentations

Fish salmon DNA (FS-DNA), ethidium bromide and bovine
serum albumin (BSA) were purchased from Sigma-Aldrich
(Oakville, ON) and used without further purification. All other
chemicals were obtained from Sigma-Aldrich (Oakville, ON)
and Merck Co. (Toronto, ON). The ytterbium(III) complex was
synthesized as described in our previous work (Aramesh-
Boroujeni et al., 2019).

Fluorescence spectra were obtained using a Perkin Elmer,
LS-3 spectrophotometer with 1.0 cm quartz cell. Electronic
spectra were determined using an Analytik Jena Specord
S100 spectrophotometer (Jena, Germany) with a photodiode
array detector and thermostatic cell compartment. Viscosity
experiments were carried out by ViscosystemVR AVS 450
(Schott Instruments GmbH, Mainz, Germany) maintained at a
constant temperature immersed in a thermostatic water-
bath. The spectra for circular dichroism spectroscopy (CD)
were collected using the JASCO-J815 (Easton, MD) at room
temperature over the wavelength range 180–340 nm in a
quartz cell with 1mm path-length (Starna Cells, Atascadero,
CA). The cleavage of FS-DNA was performed by Labnet

International and the model of UV Transilluminator is TM-26,
15 W/302 nm UV, 230 V�50Hz, 1.50 Amps.

2.2. Preparation of stock solutions

All the experiments involving of interaction of Yb(III) complex
with FS-DNA and BSA were carried out in deionized double-
distilled water buffer containing tris(hydroxymethyl)-amino-
methane (Tris, 5mM) and sodium chloride (NaCl, 50mM) and
adjusted to pH 7.2 with hydrochloric acid. The concentration
of the FS-DNA stock solution was determined spectrophoto-
metrically by the molar extinction coefficient value (e) of
6600 M�1 cm�1 at 260 nm. The purity of FS-DNA was
checked from the absorbance ratio A260/A280. For FS-DNA
solution, A260/A280 greater than 1.8 showed that the FS-DNA
was adequately pure and free from protein (Yu et al., 2009).

The concentration of ethidium bromide was determined by
absorption spectrometry by assuming e480¼5450 M�1 cm�1

and the solutions were stored in cool and dark place.
Moreover, the concentration of BSA was obtained using the
extinction coefficient of 44,300 M�1 cm�1 at 280nm
(Anjomshoa, Fatemi, Torkzadeh-Mahani, & Hadadzadeh, 2014).
All stock solutions were stored at 4 �C and used within 4 days
after preparation. The stability of ytterbium complex in aqueous
solution was examined by monitoring the UV–vis spectra of the
complex at various incubation times.

2.3. DNA and BSA binding experiments

The interaction of complex with FS-DNA was studied, using
UV–Vis spectroscopy, in order to investigate the possible
binding modes to FS-DNA and to calculate the binding con-
stants (Kb). The DNA-binding experiments were performed at
25 �C. In this study, absorption spectrophotometric titrations
were done at constant concentration of Yb(III) complex
(10 mM) by increasing DNA concentrations (0–8.8 mM).

In addition, the binding interaction of the complex with
DNA was studied using fluorescence spectroscopy. The fluores-
cence emission spectra were recorded from 300 to 500nm at
an excitation wavelength of 280nm and the DNA-binding
experiments were performed using Yb(III) complex, 0.70 mM in
Tris–HCl buffer. Quenching of the emission intensity of complex
at 327nm was examined with increasing of FS-DNA concentra-
tions from 1.1 to 15.4lM, as a quencher. All experiments were
performed at four temperatures (293, 298, 303 and 308 K).

The interaction of complex with BSA was studied using
UV–vis and fluorescence spectroscopy. Absorption titrations
were performed at a constant concentration of BSA (10lM)
by increasing Yb(III) complex concentrations (1.25–12.2 mM).
The fluorescence titrations were performed (kex¼280,
kem¼347) at a constant concentration of BSA (3.0 mM) with
the increasing concentrations of Yb(III) complex (0.5–6.0 mM)
at four temperatures (293, 298, 303 and 308 K).

2.4. DNA cleavage studies

The DNA cleavage activity experiments with the Yb(III) com-
plex in Tris–HCl/NaCl buffer at pH 7.2 in the absence and

Scheme 1. Chemical structure of [Yb(bpy)2Cl3(OH2)].

Scheme 2. Stark energy-level diagram of the 2F5/2 and
2F7/2 manifold of Yb(III).
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presence of activating agent, hydrogen peroxide
(20� 10�3 M) was monitored by agarose gel electrophoresis.
All samples were incubated for 1 h at room temperature. A
loading buffer (25% bromophenol blue, 0.25% xylenecyanol
and 30% glycerol) was added and electrophoresis was per-
formed for 30min (at 100 V) and then for 15min (at 50 V) in
Tris–acetate–EDTA (TAE) buffer (40mM Tris–base, 20mM
acetic acid, 1mM EDTA) using 1% agarose gel containing
ethidium bromide solution. The gel was stained with eth-
idium bromide solution at 35 �C for 15–20min, and then
destained by keeping in distilled water for 10–15min to
decrease the background. DNA bands were photographed
using UV illumination at 254 nm.

2.5. Competitive experiments for BSA

In order to identify the binding site of Yb(III) complex on
BSA, competitive fluorescence binding experiments have
been carried out in the absence and presence of a well-
defined ligand, hemin, as site-3 marker. In a typical titration
experiment, the concentration of Yb(III) complex was varied
from 0.5 to 6.0 mM and the concentration of BSA and hemin
were kept constant at 3 and 0.3 mM, respectively. For this
study, the specified amounts of the stock solution of Yb(III)
complex (100 mM) were sequentially added to the BSA and
BSA–hemin solutions. An excitation wavelength at 280 nm
was selected, and fluorescence spectra were recorded in the
range of 300–450 nm. Moreover, the absorption spectra of
BSA–hemin solution in the absence and presence of Yb(III)
complex (3 mM) were recorded in the range of 250–550 nm.

2.6. Docking setup

In this study, one of the best docking packages,
Autodock4.2.2, was applied for docking calculations. The
crystal structure of BSA (PDB ID: 3v03) and DNA duplex of
sequence d(CGCGAATTCGCG)2 dodecamer (PDB ID: 1BNA)
were taken from Brookhaven Protein Data Bank. For the
preparation of the protein input file, crystallographic water
molecules were removed and missing hydrogen atoms were
added to protein structures. The 3D-structure of this complex
was optimized by employing the Becke-3-parameter
Lee–Yang–Parr hybrid density functional theory (DFT) at the

6–31G�� basis set level by using the quantum chemistry
software ORCA (Neese, 2012). For this docking, a grid map
with 80� 80� 80 points and 0.375 Å spacing were gener-
ated. Subsequently, 200 separate docking calculations were
done and docking calculation consisted of maximum number
of 25,000,000 energy evaluations using the Lamarckian gen-
etic algorithm local search method (Morris et al., 1998).

2.7. Antibacterial activity

Salmonella typhi (S. typhi, ATCC 1609), Pseudomonas aeruginosa
(P. aeruginosa, ATCC 27853), Klebsiella pneumoniae (K. pneumo-
niae, ATCC 10031), Methicillin-resistant Staphylococcus aureus
(MRSA), Escherichia coli (E. coli, ATCC 25922), Vancomycin-resist-
ant Enterococcus (VRE), Enterococcus faecalis (E. faecalis, ATCC
29212), Acinetobacter, Enterococcus faecium (E. faecium) and
Candida albicans (C. albicans) were isolated from nosocomial
infection. The antibacterial and antifungal activities of Yb(III)
complex was estimated by the determination of the minimum
inhibitory concentration (MIC) and minimum bactericidal con-
centration (MBC).

MIC and MBC were performed to obtain the antibacterial
and antifungal spectra of Yb(III) complex using the broth
dilution method (G€ulçin, Kireçci, Akkemik, Topal, & Hisar,
2010; G€ulçin, K€ufrevioǧ lu, Oktay, & B€uy€ukokuroǧ lu, 2004).
Tubes containing 5mL Mueller Hinton, supplemented with
2% glucose, broth with 10-fold dilutions of Yb(III) complex
ranging from 0.005 to 45mg L–1 were inoculated with 800
CFU mL–1 of bacteria. Test cultures were then incubated for
24 h at 37 �C, and then tubes were tested without shaking
for visible turbidity. The MIC refers to the lowest complex
concentrations that produced no visible turbidity. The experi-
ments were performed three times to achieve accepted
results as the MIC (mg mL–1) of the strain. After the MIC has
been determined, 0.1mL of inoculum from the tubes content
without visible turbidity was subcultured onto the surface of
a nutrient agar plate and then incubated for 24 h at 37 �C.
After the incubation period, the count of the appeared colo-
nies on this subculture was compared to the number of
CFU mL–1 in the original inoculum. MBC was determined as
the lowest Yb(III) complex concentration allowed less than
0.1% of the original inoculum to survive.

3. Results and discussion

3.1. Luminescence properties of Yb(III) complex

Stark energy-level diagram of the 2F5/2 and 2F7/2 manifold of
Yb(III) is given in Scheme 2 (Yu, Huang, Zhang, Lin, & Wang,
2013). The Yb(III) complex in acetonitrile exhibited lumines-
cence characteristics of Yb(III) with obvious bands in the
range of 400–700 nm and a broad band at 343 nm attributed
to emission ligand. The emission spectrum of Yb(III) complex
excited at 300 nm in acetonitrile is shown in Figure 1. The
four emission peaks at 495, 550, 607, and 633 nm, assigned
to 00!0, 00!1, 00!2, and 00!3 (2F5/2!2F7/2) transition of
Yb(III) ion, respectively (Yu et al., 2013).

Figure 1. Emission spectrum of Yb(III) complex (1.0� 10�3 M), kex¼300 nm, in
acetonitrile solution at room temperature.
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This characteristic emission spectrum of the Yb(III) ion
confirmed that the ligand was a good chelating organic
chromophore as well as can be used to absorb and transfer
energy to Yb(III) ion. On the other hand, excitation of the lig-
and-centered emission band at 343 nm showed that the effi-
cient energy transfer from bipyridine to the Yb(III) center did
not take place and back transfer of energy from Yb(III) ion
prevailed (Ferr�e, 2004).

3.2. DNA binding studies

3.2.1. Electronic absorption titration
In order to evaluation the DNA-binding properties of Yb(III)
complex, absorption spectrophotometric titrations were done
at constant concentration of this complex (10 mM) with
increasing DNA concentrations (0.0–8.8 mM).

Complex binding with DNA via intercalation usually
results in hypochromism together with red shift of the
absorption spectra (bathochromic effect) as a result of strong
interaction between complexes and the base pairs of the
DNA. Instead, the hyperchromism can be observed for the
groove-binding mode between complexes and DNA, if the
position of the absorption spectra approximately does not
change. It can be relevant with degradation of the DNA dou-
ble helix structure (Mukherjee, Mondal, & Singh, 2017;
Shahabadi, Hakimi, Morovati, Falsafi, & Fili, 2017).

The electronic spectra of Yb(III) complex in the absence
and presence of FS-DNA are shown in Figure 2. In the pres-
ence of increasing concentrations of FS-DNA, mentioned
complex exhibited decreasing with no shift of the absorption
band. These results showed that the interaction of this com-
plex and FS-DNA was in nonintercalative binding mode and
could be rationalized in terms of groove-binding. The

changes in absorbance with increasing of FS-DNA amount
were used to evaluate the intrinsic binding constant Kb for
this complex. The intrinsic binding constant, Kb, was calcu-
lated by Equation (1) (Yadav et al., 2015):

Q½ �= ea � efð Þ ¼ Q½ �= eb � efð Þ þ 1=Kb eb � efð Þ (1)

where ea, ef and eb are corresponding to the apparent extinc-
tion coefficient (Aobsd/[Complex]), the extinction coefficient
for the free complex in solution and its completely DNA-
bound form, respectively and [Q] is the concentration of FS-
DNA. Kb was calculated using the plots of [DNA]/(ea – ef) ver-
sus [DNA] from the ratio of the slope to the y intercept
(Figure 2). The binding constant at 298 K for Yb(III) complex
was found to be 1.22� 105 M�1. The binding constant, Kb,
for this complex was lower than that of the classical interca-
lator ethidium bromide (1.4� 106 M�1) (Chaveerach,
Meenongwa, Trongpanich, Soikum, & Chaveerach, 2010). It
was detected that the binding mode between Yb(III) com-
plex and FS-DNA of (nonintercalation) changes from that of
ethidium bromide (intercalation).

3.2.2. Fluorescence spectroscopic studies
The effect of complex concentration on the fluorescence
intensity was investigated at the range of 10�3–10�9 M. The
results indicated that the maximum fluorescence intensity
was reached when the concentration of Yb(III) complex was
7.0� 10�7 mol L–1. The influence of solvents, such as aceto-
nitrile, methanol and water on fluorescence intensity (con-
centration: 7.0� 10�7 M) was studied. The results showed
that, with increasing solvent polarity (from acetonitrile to
water), the emission intensity increased. Thus, in the subse-
quent studies, water was used as solvent.

Figure 2. Absorption spectra of Yb(III) complex in the absence and in the presence of various concentrations of FS-DNA [Complex]¼ 1.0� 10�5 M
[DNA]¼ 0–8.8 mM. T¼ 298 K. Inset is the plot of [DNA]/(ea–ef) versus [DNA].
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Fluorescence emission spectroscopy provides a sensitive and
selective method to study the interactions between metal com-
plexes and DNA (Rahman et al., 2017). The emission of Yb(III)
complex [7.0� 10�7 M] showed a band at 327nm, when
excited at 280nm. The fluorescence spectra of this complex in
the absence and presence of various amounts of DNA
[1.1–15.4lM] at 298 K is shown in Figure 3A.

As shown in Figure 3, the fluorescence intensity of this men-
tioned complex was found to be regularly decreasing with
increasing concentrations of FS-DNA, which indicated the ability
of FS-DNA to quench the intrinsic fluorescence of Yb(III) com-
plex and the incidence of their binding interaction.

3.2.2.1. Quenching mechanism. Fluorescence quenching
can be static quenching (the formation of a complex
between quencher and fluorophore in the ground state) or
dynamic quenching (a collisional process) (Aramesh-
Boroujeni et al., 2016; Shahabadi, Maghsudi, Kiani, &
Pourfoulad, 2011). One way to distinguish static and dynamic
quenching is by investigation of the temperature on the
Stern–Volmer equation (Cui, Hui, Jiang, & Zhang, 2012). Thus,
temperature dependence of the fluorescence quenching
measurements of Yb(III) complex–DNA binding was also
determined using Stern–Volmer plots. The emission data
obtained at four different temperatures (293, 298, 303 and
308 K) was analyzed by the Stern–Volmer equation (Eq. 2)
(Shahabadi, Hakimi, et al., 2017):

F0
F
¼ 1þ KSV Q½ � (2)

where F0 and F displays the fluorescence intensities in the
absence and presence of the FS-DNA, respectively, KSV is the
Stern–Volmer quenching constant and [Q] is the concentra-
tion of FS-DNA as quencher. Equation (2) was used to deter-
mine KSV by linear regression of a plot of F0/F versus [Q]. The
values of KSV for the interaction of Yb(III) complex with FS-
DNA at 293, 298, 303 and 308 K were obtained, and the rep-
resentative results are shown in Figure 3B with a summary in
Table 1. The linear plots suggested that only one type of
quenching process occurred, either in static or dynamic
quenching. The results indicated that KSV increased with the
increase in temperature. This phenomenon proved that the
possible quenching mechanism would be dynamic.

3.2.2.2. Equilibrium binding titration. The fluorescence
intensities of Yb(III) complex at different concentrations of
FS-DNA were analyzed by using the double logarithmic
equation (Eq. 3) to calculate the binding constants (Kb) and
binding sites (n) (Cui et al., 2012).

log
F0�F
F

¼ logKb þ nlog Q½ � (3)

The linear equations for log ((F0–F)/F) versus log [DNA] at dif-
ferent temperature values are shown in Figure 3C and the cor-
responding calculated parameters are summarized in Table 1.

Figure 3. (A) Fluorescence emission spectra of Yb(III) complex in the absence and presence of various concentrations of FS-DNA (T¼ 298 K and kex¼280 nm). (B)
Stern–Volmer curves at 293, 298, 303 and 308 K. (C) Plots of log((F0–F)/F) versus log([DNA]/mM) for the binding of complex with DNA at 293, 298, 303 and 308 K,
(D) van’t Hoff plot for the binding of Yb(III) complex with DNA. The measurements were performed in Tris–HCl buffer (pH 7.2) [Complex]¼ 0.7 mM and [DNA]¼ 1.1
to 15.4 mM.
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The estimated values of n are close to 1 indicating that
there was just a single binding site for Yb(III) complex
towards FS-DNA. The Kb at 298 K for Yb(III) complex was
found to be 1.41� 105 M�1 similar to the value obtained
using UV–Vis spectroscopy (Table 1). The values of Kb clearly
underscore the remarkably high affinity of this complex to
FS-DNA.

3.2.2.3. Thermodynamic studies. The interaction forces
between small molecules and biomacromolecules in aqueous
solution may involve van der Waals interactions, hydrophobic
forces, electrostatic interactions as well as hydrogen bonds,
etc. According to the data of enthalpy changes (DH�) and
entropy change (DS�), the model of interaction between bio-
molecules similar to DNA and Yb(III) complex can be deter-
mined: (1) DH�<0 and DS�<0, van der Waals interactions
and hydrogen bonds; (2) DH�>0 and DS�>0, hydrophobic
forces; (3) DH�<0 and DS�>0, electrostatic interactions
(Shahabadi & Heidari, 2014). In order to calculate enthalpy
change (DH�) and entropy changes (DS�), van’t Hoff equation
was used (Shahabadi & Heidari, 2014).

lnKb ¼ �DG�

RT
¼ �DH�

R
1
T

� �
þ DS�

R
(4)

DG˚ ¼ DH˚�TDS˚ (5)

The values of DH� and DS� were evaluated from the slope
and intercept of the linear plot (van’t Hoff equation) based
on ln K versus 1/T (Figure 3D). The values of DH�, DS� and
DG� between this complex with FS-DNA are listed in Table 1.
As shown, the negative value of DG� indicated that the inter-
action process was spontaneous, while the positive DH� and
DS� values revealed that hydrophobic forces played a main
role in the binding of Yb(III) complex to FS-DNA.

3.2.3. Characterization of binding modes
3.2.3.1. Effect of the ionic strength. Monitoring the change
of ionic strength is an effective method to distinguish the
binding modes between small molecules and DNA.
Increasing the concentration of sodium cation will increase
the complexation probability between the sodium cation
and DNA phosphate backbone. Due to the competition for
phosphate anion, the addition of the sodium cation would
weaken the surface-binding interactions, which included
electrostatic interactions between small molecules and DNA
(Shahabadi & Heidari, 2014; Yadav et al., 2015). To study the
role of electrostatic interactions on Yb(III) complex–DNA
binding, solution conditions using various concentrations of
NaCl were studied. The Yb(III) complex was titrated with
NaCl in the absence and presence of DNA (4.4lM) with the

increasing concentrations of NaCl concentrations from 0.05
to 0.6 M. The results indicated that the fluorescence intensity
of complex–DNA system and free complex did not signifi-
cantly change, which suggested nonelectrostatic binding of
Yb(III) complex to FS-DNA.

3.2.3.2. Iodide quenching studies. Further support for the
groove binding of Yb(III) complex with FS-DNA was obtained
through KI quenching experiments. I� ions, being negatively
charged, act as well-known fluorescence quenchers for the
small fluorescent molecules (Sarwar, Rehman, Husain, Ishqi, &
Tabish, 2015). A highly negatively charged quencher was
expected to be repelled by the negatively charged phos-
phate backbone of DNA, thus an intercalate molecule within
the double helix should be protected from being quenched
by anionic quencher. Instead, groove-binding molecules or
free (unbound) aqueous complexes would be quenched
readily by anionic quenchers (He, Wang, Wang, Li, & Xu,
2017). Therefore, the negatively charged I� ion was chosen
to determine the binding mode of Yb(III) complex to FS-
DNA. Iodide quenching results provided a direct evidence for
the groove-binding mode of our complex with FS-DNA.

Figure 4 shows the Stern–Volmer plot for fluorescence
quenching of this complex by KI in the absence and pres-
ence of FS-DNA. The quenching constants (KSV) of free Yb(III)
complex by iodide anion was 2.80� 104 M�1 and in the
presence of FS-DNA, KSV was 3.15� 104 M�1. It was apparent
that a very little decrease in KSV value was observed when
this complex was bound to FS-DNA, which indicated that the
bound Yb(III) complex did not intercalate between the base
pairs of FS-DNA. Several reports suggested a slight protec-
tion of small fluorescent molecules by DNA even in the case
of groove binding, but this protection would be significantly
low as compared to intercalation (Sarwar et al., 2015). Thus,
we concluded that groove-binding mode of interaction took
place between our Yb(III) complex and FS-DNA.

3.2.3.3. Competitive displacement assay. In order to study
further about the mode of binding between Yb(III) complex
and FS-DNA, competitive binding experiments using eth-
idium bromide (EtBr) were also carried out. EtBr is a well-
known intercalator, which is generally used as a sensitive
probe to examine the mode of binding of small molecules to
base pairs of DNA (Jalali & Dorraji, 2017). EtBr alone shows
weak fluorescence in the aqueous solution. However, the
fluorescence intensity of EtBr is significantly increased, when
it intercalates into double helical DNA. Compounds having
intercalative mode of binding will displace EtBr from the
DNA resulting in significant decrease in fluorescence inten-
sity of EtBr–DNA system (Jalali & Dorraji, 2017; Sarwar et al.,

Table 1. The Stern–Volmer constant KSV, number of substantive binding sites n, the binding constant Kb and thermodynamic parameters for the binding of
Yb(III) complex with DNA at different temperatures.

Macromolecule (K) T KSV�10–4 (M–1) n

Kb�10–5 (M–1)

DG� (kJ mol–1) DH� (kJ mol–1) DS� (J mol K–1)UV Fluorescence

293 7.60 ± 0.05 1.02 1.05 ± 0.04 –28.16 ± 0.04
DNA 298 7.83 ± 0.06 1.05 4.85 ± 0.03 1.41 ± 0.02 –29.37 ± 0.05 0.05 ± 0.01 268.68 ± 0.03

303 7.92 ± 0.04 1.06 1.72 ± 0.04 –30.37 ± 0.03
308 8.19 ± 0.02 1.09 2.39 ± 0.03 –31.72 ± 0.02
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2017). The effect of addition of Yb(III) complex on the fluor-
escence intensity of EtBr–DNA complex is shown in Figure 5.
The subsequent addition of mentioned complex to EtBr–DNA
system did not have any significant effect on the fluores-
cence intensity of EtBr–DNA system [15.2% (inset of
Figure 5)] proving that the mode of binding of Yb(III) com-
plex to FS-DNA was nonintercalative.

3.2.4. Investigation of absorption spectra
The electronic spectra of the Yb(III) complex solution in the
absence and presence of FS-DNA were taken. At a

wavelength of 280 nm, the absorption of Yb(III) complex and
FS-DNA had partly overlapped. Their absorbance behavior
satisfied the following equation:

A FS� DNAþ Yb IIIð Þ complex
� �
�A FS� DNAð Þ þ A Yb IIIð Þcomplex

� � (6)

It should be kept in mind that the absorbance spectra of
both the Yb(III) complex and FS-DNA were not affected by
each other, as observed in this study. Therefore, it suggested
that there would be a weak interaction between Yb(III) com-
plex and FS-DNA in nonintercalative mode (Anbu, Kamalraj,
Varghese, Muthumary, & Kandaswamy, 2012).

Figure 4. The fluorescence spectra of KI quenching for complex–DNA system [Complex]: 0.7 mM; [KI]: 4.0–40.0mM. Inset is Stern–Volmer plot of the fluorescence
titration data of this complex.

Figure 5. Fluorescence quenching curves of EtBr bound to DNA by Yb(III) complex ([EtBr]¼ 8.3 mM [DNA]¼ 140 mM [Complex]¼ 0–145.7 mM. Inset is the plot of
F/F0 versus [Complex]/[DNA].
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3.2.5. Viscosity study
To further authenticate the interaction mode of Yb(III) com-
plex and FS-DNA, viscosity measurements were performed. In
the absence of crystallographic structural data, this technique
was very sensitive to measure changes in the length of DNA
and is regarded as the least ambiguous and the most effect-
ive method to find binding mode of DNA with metal com-
plexes (Qais, Abdullah, Alam, Naseem, & Ahmad, 2017). A

classical intercalation is expected to lengthen the DNA helix
as the base pairs are separated to accommodate the binding
complex, leading to substantial increase in the viscosity of
DNA solution. In contrast, the groove binders and partial
interacting molecules cause minor or no effect on the viscosity
of DNA solution (Cui et al., 2011; Qais et al., 2017). The values
of relative specific viscosity (g/g0)

1/3 versus ([Complex]/[FS-DNA])
(where g0 and g are the specific viscosity contributions of FS-
DNA in the absence and presence of the Yb(III) complex,
respectively) were plotted. The results indicated that with the
increasing concentration of complex to DNA, a negligible
change in the viscosity of FS-DNA was detected. From a differ-
ent point of view, this result indicated that the interaction
between Yb(III) complex and FS-DNA belonged to a noninterca-
lative binding mode (groove-binding).

3.2.6. CD spectroscopy
Circular dichroism (CD) spectrophotometry has been utilized
as a strong technique for exploring the chiral aspects of
complexes and to provide valuable information on the mode
of binding between complexes and DNA (Khan et al., 2011).
Indeed, CD is useful in monitoring the conformational
changes of DNA in solution. The changes in CD spectra of

Figure 6. CD spectra of FS-DNA in the (a) absence and (b) presence the Yb(III)
complex [DNA]¼ 5.84� 10�3 M [Complex]¼ 1.0� 10�5 M.

Figure 7. Gel electrophoresis diagram showing the cleavage of FS-DNA (1.4� 10�3M) by the yttrium complex at 298 K; lane 1: DNA control; lane 1� :DNAþH2O2; lane 2:
complex (1.2� 10�3 M)þDNA; lane 2�:complex (1.2� 10�3 M)þDNAþH2O2; lane 3: complex (2.5� 10�3 M)þDNA; lane 3�:complex (2.5� 10�3 M)þDNAþH2O2; lane 4:
complex (3.7� 10�3 M)þDNA; lane 4�: (3.7� 10�3 M)þDNAþH2O2; lane 5: complex (5.0� 10�3 M)þDNA; and lane 5�: complex (5.0� 10�3 M)þDNAþH2O2.

Figure 8. Absorption spectra of Yb(II) complex in the absence and presence of various concentrations of BSA [Complex]¼ 10 mM [BSA]¼ 1.25–12.2 mM. T¼ 298 K.
Inset is the plot of [BSA]/(ea–ef) versus [BSA].
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DNA observed on interaction with compounds can be
assigned to the corresponding changes in DNA structure
(Bordbar, Tabatabaee, Yeganeh Faal, Mehri Lighvan, &
Fazaeli, 2015). The observed circular dichroism spectrum of
FS-DNA consisted of a negative band at 235 nm due to hel-
ical geometry of B-DNA and a positive band at 289 nm due
to base stacking. These bands are quite sensitive to the
mode of DNA interactions with compounds. While electro-
static interaction and groove binding of compounds with
DNA indicate less or no perturbations on the helicity bands
and base stacking, intercalation interaction enhances the
band intensities, thus stabilizing the right handed B- con-
formation of FS-DNA (Aramesh-Boroujeni et al., 2016; Li, Guo,
Dong, Xu, & Li, 2013). The CD spectra of FS-DNA in the
absence and in the presence of the Yb(III) complex are
shown in Figure 6. CD spectrum of FS-DNA slightly
decreased in intensity at both 235 and 289 nm bands (shift-
ing to zero levels) after binding with this complex. This sug-
gested that the DNA-binding of Yb(III) complex with FS-DNA

induced certain conformational changes, and also reduction
of base stacking. Figure 6 displayed that the conformation of
FS-DNA changed due to the conversion from a more B-like
to a more C-like structure within the DNA molecule. Thus,
our results were indicative of a nonintercalative mode of
binding of Yb(III) complex with FS-DNA and supported our
hypothesis of groove-binding mode.

3.3. DNA cleavage study

Gel-electrophoresis is a valuable technique for separation of
charged species (molecules) based on the migration of DNA
under the influence of an electric potential (Budagumpi,
Kulkarni, Kurdekar, Sathisha, & Revankar, 2010; Cankaya et al.,
2007). DNA cleavage study was conducted at 298 K using
ten samples of Yb(III) complex in the absence (lanes 1–5)
and presence of hydrogen peroxide (20mM, lanes 10–50) as
an oxidant (Figure 7). In the control experiments using FS-

Figure 9. (A) Fluorescence emission spectra of BSA in the absence and presence of various concentrations of Yb(III) complex. (B) Stern–Volmer curves at 293, 298,
303 and 308 K. (C) Plots of log((F0–F)/F) versus log([Complex]/mM) for the binding of complex with BSA at 293, 298, 303 and 308 K. (D) van’t Hoff plot for the bind-
ing of Yb(III) complex with BSA ([BSA]¼ 3 mM and [Complex]¼ 0.5 to 6.0 mM, kex¼280 nm and pH ¼ 7.2).

Table 2. The Stern–Volmer constant KSV, number of substantive binding sites n, the binding constant Kb and thermodynamic parameters for the binding of
Yb(II) complex with BSA at different temperatures.

Macromolecule (K) T KSV310–4 (M–1) n

Kb310–5 (M–1)

DG� (kJ mol–1) DH� (kJ mol–1) DS� (J mol K–1)UV Fluorescence

293 14.41 ± 0.04 1.13 7.58 ± 0.09 –32.98 ± 0.04
BSA 298 8.16 ± 0.02 1.16 5.07 ± 0.05 6.45 ± 0.03 –33.14 ± 0.02 –35.50 ± 0.06 –8.25 ± 0.04

303 7.21 ± 0.03 1.16 5.12 ± 0.06 –33.12 ± 0.03
308 6.51 ± 0.02 1.14 3.71 ± 0.07 –32.84 ± 0.05
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DNA alone in the absence of this complex, no cleavages of
FS-DNA were observed (lanes 1 and 10). Lanes 2–5 and 20-50

represented DNA treated with increasing concentrations of
Yb(III) complex, at concentrations of 1.2, 2.5, 3.7 and 5.0mM,
respectively. As shown in Figure 7, Yb(III) complex at differ-
ent concentrations was able to cleave FS-DNA. However,
increasing concentrations of the complex resulted in
enhanced FS-DNA cleavage. Also, all complex-DNA mixtures
showed a slight reduced mobility with respect to control
(lanes 1 and 10). As shown in Figure 7, the migration of DNA
band reduced with increasing concentrations of Yb(III) com-
plex (lanes 2–5 and 20–50). Moreover, the efficiency of DNA
cleavage was higher in the presence of an oxidant (H2O2).
This was attributed to the formation of hydroxyl radical or
molecular oxygen, both of which would be capable of dam-
aging FS-DNA through Fenton-type chemistry. Moreover, the
gel image indicated that the bands had different bandwidths
(smear patterns). However, with increasing concentrations of
Yb(III) complex, the smear patterns were observed to
increase for bands (Aramesh-Boroujeni et al., 2016).

3.4. BSA binding properties

3.4.1. UV–vis spectroscopy measurements
The efficiency of a drug is considerably influenced by the
degree to which it binds to proteins in the blood plasma.
UV–vis absorption spectroscopy is a significant tool to
explore structural changes and complex formation in pro-
teins (Nasir et al., 2017).

Figure 8 shows the UV–vis absorption spectra of BSA
(10lM) in the presence of Yb(III) at various concentrations
(1.25–12.2 mM). The absorbance of BSA increased linearly
with increasing concentration of complex along with no shift
in the maximum peak position, which was an evidence for
the complex formation between this complex and BSA. To
determine the intrinsic binding constant, Kb, Eq. (1) used for
fitting the data (Fani, Bordbar, & Ghayeb, 2013).

where in Eq.(1) [Q] is the concentration of BSA. The bind-
ing constant, Kb values for Yb(III) complex was found to be
5.07� 105 M�1 (inset Figure 8). These results suggested
that the interaction of Yb(III) complex with BSA was in

nonintercalative binding mode and could be rationalized in
terms of groove-binding mode.

3.4.2. Fluorescence quenching
Fluorescence spectroscopy is a significant technique to
obtain useful information on the protein–ligand interactions
(Shahsavani et al., 2016). Moreover, fluorescence spectros-
copy provided considerable information about the binding
mechanism of ligand with protein (Nasir et al., 2017). In the
presence of constant concentration of BSA (3.0 mM) while
the increasing concentrations of Yb(III) complex (0.5–6.0 mM),
the fluorescence spectra of BSA were obtained as shown in
Figure 9A. As the data showed, the fluorescence intensity of
BSA solution at 347 nm decreased regularly with the increas-
ing concentrations of Yb(III) complex. This indicated an inter-
action between Yb(III) complex and BSA because of the
quenching of the intrinsic fluorescence of BSA. Furthermore,
no significant blue or red shifts were detected in the max-
imum emission wavelength of BSA suggesting that Yb(III)
complex did not induce conformational changes in the struc-
ture of BSA.

In order to study the quenching process and to estimate
the probable quenching mechanism, the Stern–Volmer equa-
tion was applied with Eq. (2) (Li et al., 2013). The values of
KSV for the interaction of BSA with our complex at different
temperatures (293, 298, 303, and 308 K) were estimated as
the slope of F0/F against [Q] linear plot, and these results are
shown in Figure 9B and summarized in Table 2. We could
observe that there was only one type of quenching mechan-
ism, either dynamic or static, since the Stern–Volmer plots
were linear. As shown in Table 2, KSV decreased with the
increase in temperature, indicating that the probable
quenching mechanism of the binding of Yb(III) complex to
BSA was static.

3.4.2.1. Calculation of binding parameters. The binding
constant (Kb) and the number of binding sites (n) were deter-
mined using Eq. (3) (Xiao et al., 2007). Figure 9C shows the
double-logarithm curve and Table 2 displays the correspond-
ing calculated parameters. The Kb for Yb(III) complex at
298 K was found to be (6.45 ± 0.03)�105 M�1, and the num-
ber of binding sites (n) was close to 1. The result illustrated
that there was a strong binding force between Yb(III) com-
plex and BSA, and a single binding site would be formed.

3.4.2.2. Thermodynamic parameters and nature of the
binding forces. The plot of ln Kb versus 1/T (Figure 9D)
enabled the determination of enthalpy (DH�), entropy (DS�)
and free energy (DG�) change by using the van’t Hoff equa-
tion (Eqs. 4 and 5).

Table 3. The energy transfer efficiency E, overlap integral J, the binding dis-
tance to tryptophan residue of protein r and F€orster critical distance R0 upon
interaction of Yb(III) complex with BSA ([BSA]¼ [Yb(III) complex]¼ 3 mM,
T¼ 298 K and kex¼ 280 nm).

E J (cm3 Lmol–1)310–14 r (nm) R0 (nm)

Yb(III) complex 0.34 5.19 2.54 2.28

Figure 10. The overlap of the absorption spectrum (solid lines) Yb(III) complex
and the fluorescence spectrum of BSA (dashed lines). The molar ratio of Yb(III)
complex to BSA was 1:1.
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Table 2 shows the thermodynamic parameters for the
interaction of BSA with Yb(III) complex. The negative sign of
DG� values indicated the BSA interaction process was spon-
taneous; the positive sign of DH� and DS� revealed that van
der Waals interactions and hydrogen bonds played the main
role in the binding of Yb(III) complex with BSA.

3.4.3. Energy transfer from BSA to Yb(III) complex
Fluorescence energy transfer occurs through overlapping of
the emission spectrum of a fluorophore (donor, BSA) with
the absorption spectrum of a molecule (acceptor, Yb(III) com-
plex) (Buddanavar & Nandibewoor, 2017). The overlap of the
absorption spectrum of this complex with the fluorescence
emission spectrum of BSA is shown in Figure 10. According
to the F€orster’s theory, the energy transfer efficiency (E) and
the distance r from Yb(III) complex to BSA (Trp-214) was cal-
culated using Eq. (7) (Yue, Zhang, Qin, & Chen, 2008):

E ¼ 1� F
F0

¼ R60
R60 þ r6

(7)

where F0 and F correspond to the fluorescence intensities of
BSA in the absence and presence of Yb(III) complex, r is the
distance between BSA and this complex, and R0 is the
F€orster’s critical distance when the transfer efficiency is 50%,
which can be given by:

R60 ¼ 8:79� 10�25K2n�4;J (8)

where K2 is the spatial orientation factor, n is the refracted
index of medium, ; is the fluorescence quantum yield of
BSA, and J is the effect of the spectral overlap integral of the
fluorescence emission spectrum of donor and the absorption
spectrum of acceptor and can be given by the following
equation:

J ¼
P

F kð Þe kð Þk4DkP
F kð ÞDk (9)

herein, F(k) is the corrected emission intensity of the fluor-
escent donor at wavelength k and e(k) is molar absorption
coefficient of acceptor at wavelength k.

Under the experimental conditions, it has been reported
that BSA would have K2 value of 2/3, n of 1.336, and ; value

of 0.15 (Buddanavar & Nandibewoor, 2017). According to
Eqs. (7–9), the values of E, J, R0 and r were calculated and
reported in Table 3. All the R and r values were in the range
of 2–8 nm scale and 0.5 R0< r< 1.5 R0, showing a consider-
able interaction between this complex and BSA (Trp-214)
(Hu, Liu, Zhang, Zhao, & Qu, 2005) also the occurrence of
nonradiative energy transfer phenomena from BSA to Yb(III)
complex with high probability.

3.4.4. Competitive binding experiments with BSA
Competitive binding experiments were performed to eluci-
date the Yb(III) complex binding site on BSA, using hemin
(subdomain IB marker), which specifically bind to BSA (Bolel,
Mahapatra, & Halder, 2012; Oliveri & Vecchio, 2011). In the
binding site competitive study, Yb(III) complex was regularly
added to the solution of BSA and BSA–hemin mixture. After
adding Yb(III) complex gradually, the fluorescence intensity
of BSA linearly decreased, indicating that the bound Yb(III)
complex to BSA was affected by addition of hemin. Analysis
of fluorescence titration data was performed by using Eq. (3)
(Figure 11A), representing the significant decrease of associa-
tive binding constant of Yb(III) complex to BSA from
7.5� 105(M�1) to 0.63� 105(M�1) in the presence of hemin.
The competition of Yb(III) complex with hemin for occupa-
tion of the same binding site indicated that the binding of
Yb(III) complex to BSA mainly located within site 3 (subdo-
main IB) of BSA.

To support these results, displacement studies were
repeated following a different technique using absorption
spectroscopy. By means of recording the changes in the
absorption spectrum of Yb(III) complex bound BSA, which
was performed by site marker, information about the specific
binding site of Yb(III) complex in BSA molecule could be
obtained. The absorption spectra of BSA–hemin solution in

Figure 11. Effect of site marker to Yb–BSA system: (A) Plots of log((F0–F)/F) versus log([Complex]/lM) in fluorescence study ([BSA]¼ 3 mM [hemin]¼ 0.3 mM [Yb
complex]¼ 0.5–6.0 mM and kex¼280 nm). (B) The absorption spectra of BSA–hemin in presence and absence of Yb(III) complex [BSA]¼ 3lM [hemin]¼ 0.3lM
and [Complex]¼ 3 lM.

Table 4. Binding energies and inhibition constants of investigated complex
for DNA and BSA binding site.

Macromolecule
Binding energy
(KCal Mol–1) Ki (lM)

DNA –6.79 10.51
BSA –6.85 9.57
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the absence and presence of Yb(III) complex are illustrated in
Figure 11B. In the presence of Yb(III) complex, the absorption
spectrum was significantly changed. From Figure 11B, the
absorption of BSA–hemin solution in the presence of Yb(III)
complex was significantly lower than that of without this
complex in all recorded area and shifted to the spectrum of
free hemin. These results also supported our hypothesis that
the binding of Yb(III) complex to BSA mainly located within
site 3 (subdomain IB).

3.5. Molecular docking results

3.5.1. Molecular docking with DNA
Molecular docking method take a main part in structural
molecular biology and drug discovery. Binding affinity
between complexes and DNA can be easily gained from
molecular docking calculations. Molecular docking results
indicated that Yb(III) complex had fairly appropriate binding
energies (Table 4). Figure 12A revealed that Yb(III) complex
approached towards the gap between DNA minor grooves
mainly through bipyridine ring.

Complex was found to be best fitted in the minor groove
of DNA with binding energy of –6.79 kcal mol–1. The energies
taken from docking method was found to be consistent with
our experimental results. High negative energy predicts a
strong interaction between complex and DNA as also
obtained by various spectral techniques. Therefore, the

docking results further strengthened our experimental find-
ings and sustained the groove binding mode to be oper-
ational between Yb(III) complex and DNA.

3.5.2. Molecular docking with BSA
Based on RMSD, conformations were sorted into clusters and
the conformations with the lowest binding energy of the
largest Autodock cluster were reported. Molecular docking
results illustrated that Yb(III) complex showed relatively suit-
able binding energies (Table 4) and bound to site 3 of BSA,
which is hydrophobic with an L-shaped cavity in subdomain
IB. The detailed interaction of Yb(III) complex is shown in
Figure 12B. This binding site is considerably hydrophobic
and Leu122, Phe133, Tyr137 and Tyr166 residues involved in
hydrophobic contacts with Yb(III) complex. Moreover, this
complex could establish van der Waals contacts with Lys116,
Asp118, Thr121, Glu125, Lys136 and Glu140 as
polar residues.

The binding free energy obtained from experimental
results at 298 K for Yb(III) complex was –6.85 kcal mol–1. The
prediction of site 3 (subdomain IB) as the binding site of
Yb(III) complex by both docking and experimental methods,
was also a strong evidence for the validity of our docking
calculations.

3.6. Antimicrobial and antifungal activity

The antibacterial and antifungal efficacy of Yb(III) complex
against bacteria and fungi were tested based on the min-
imum inhibitory concentration (MIC) and minimum bacteri-
cidal concentration (MBC) methods. The MIC and MBC values
of the Yb(III) complex against bacteria were 15–120 lg mL–1,
and 0.55–2.22mg mL–1, respectively (Table 5). The Yb(III)
complex showed significant antimicrobial activity, especially
against C. albicans and E. faecalis. The results in Table 5
show that Yb complex had good efficacy against different
bacteria and fungi. Strong antibacterial activity was observed
for the Yb(III) complex without considering gram class,
including MRSA, P. aeruginosa and E. coli that are generally
resistant to antibacterial compounds.

Figure 12. Detailed view of the interactions between Yb(III) complex with (A) DNA and (B) BSA.

Table 5. Antimicrobial activities of Yb(III) complex against bacteria and fungi.

Bacteria type
Bacteria or

fungi

Minimum inhibitory
concentrations (MIC)

(mg mL–1)

Minimum bactericidal
concentrations (MBC)

(mg mL–1)

Gram-positive E. faecium 30 1.11
E. faecalis 15 0.55
MRSA 30 2.22
VRE 60 1.11

Gram-negative E. coli 30 2.22
P. aeruginosa 120 2.22
K. pneumoniae 120 1.11
A. baumannii 30 1.11
S. typhi 140 1.11

Fungi C. albicans 15 0.55
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4. Conclusions

In the present study, we report a novel synthesized complex
[Yb(bpy)2Cl3.OH2] as a probe for DNA and BSA. The FS-DNA and
BSA binding properties of this complex was comprehensively
studied by different kinds of spectroscopic and molecular dock-
ing examinations. The studies presented here showed the high
binding affinity of this complex to DNA and BSA in addition to
the strong fluorescence quenching resulted mainly from
dynamic and static mechanism for DNA and BSA, respectively.
Moreover, hydrophobic forces (groove binding) and van der
Waals interactions played major roles in stabilizing this complex
with DNA and BSA, respectively. All results that obtained from
thermodynamic parameters, iodide quenching experiment, salt
effect and viscosity study confirmed that Yb(III) complex could
bind to FS-DNA via groove-binding mode. The results of CD
spectra showed that the secondary structure of FS-DNA mol-
ecule underwent a change in the presence of Yb(III) complex.
Molecular docking results for DNA displayed that Yb(III) complex
had fairly appropriate binding energies and this complex
approached towards the gap between DNA minor grooves.

From competitive binding experiments and molecular
docking calculations, it was revealed that the binding site of
this complex on BSA was in subdomain IB (site 3) and there
were van der Waals interactions and hydrogen bonds
between complex and residues of BSA in the binding site.
The results of our molecular docking and experimental stud-
ies could be taken as a strong support for validity of docking
results. From both experimental and docking results, the
value of binding constant presented the remarkably high
affinity of this complex to DNA and BSA. The value of reson-
ance energy transfer and the binding distance between com-
plex and BSA were evaluated from the analysis of F€orster
theory. Moreover, Yb(III) complex effectively cleaved FS-DNA
in the presence and absence of H2O2. Further, the antimicro-
bial activity studies indicated that the Yb(II) complex was
biologically active against different strains bacteria and the
presence of the complex displayed variable growth inhibition
effects on the tested bacterial strains.

The results obtained in this work can help to understand
the binding mode between Yb(III) complexes with DNA and
BSA, and also can provide important information about design
of new inspired drugs based on the lanthanide complexes.

Funding

The financial supports of Research Councils of University of Sistan and
Baluchestan, Isfahan University of Medical Sciences and Isfahan
University are gratefully acknowledged. K. K. acknowledges financial sup-
port from the Canada Research Chair Tier-2 award for
“Bioelectrochemistry of Proteins” (Project No. 950-231116), Ontario
Ministry of Research and Innovation (Project No. 35272), Discovery Grant
(Project No. 3655) from Natural Sciences and Engineering Research
Council of Canada (NSERC), and Canada Foundation for Innovation
(Project No. 35272).

References

Alfi, N., Khorasani-Motlagh, M., & Noroozifar, M. (2017). Evaluation DNA-/
BSA-binding properties of a new europium complex containing 2, 9-

dimethyl-1, 10-phenanthroline. Journal of Biomolecular Structure &
Dynamics, 35(7), 1518–1528. doi:10.1080/07391102.2016.1188419

Ali, M., Kumar, A., Kumar, M., & Pandey, B. N. (2016). The interaction of
human serum albumin with selected lanthanide and actinide ions:
Binding affinities, protein unfolding and conformational changes.
Biochimie, 123, 117–129. doi:10.1016/j.biochi.2016.01.012 doi:10.1016/
j.biochi.2016.01.012

Amoroso, A. J., & Pope, S. J. A. (2015). Using lanthanide ions in molecular
bioimaging. Chemical Society Reviews, 44(14), 4723–4742. doi:10.1039/
C4CS00293H

Anbu, S., Kamalraj, S., Varghese, B., Muthumary, J., & Kandaswamy, M.
(2012). A series of oxyimine-based macrocyclic dinuclear zinc (II) com-
plexes enhances phosphate ester hydrolysis, DNA binding, DNA
hydrolysis, and lactate dehydrogenase inhibition and induces apop-
tosis. Inorganic Chemistry, 51(10), 5580–5592. doi:10.1021/ic202451e

Anjomshoa, M., Fatemi, S. J., Torkzadeh-Mahani, M., & Hadadzadeh, H.
(2014). DNA- and BSA-binding studies and anticancer activity against
human breast cancer cells (MCF-7) of the zinc(II) complex coordinated
by 5,6-diphenyl-3-(2-pyridyl)-1,2,4-triazine. Spectrochimica Acta Part A:
Molecular and Biomolecular Spectroscopy, 127, 511–520. doi:10.1016/j.
saa.2014.02.048 doi:10.1016/j.saa.2014.02.048

Aramesh-Boroujeni, Z., Bordbar, A.-K., Khorasani-Motlagh, M., Fani, N.,
Sattarinezhad, E., & Noroozifar, M. (2018). Computational and experi-
mental study on the interaction of three novel rare earth complexes
containing 2, 9-dimethyl-1, 10-phenanthroline with human serum
albumin. Journal of the Iranian Chemical Society, 15(7), 1581–1591.
doi:10.1007/s13738-018-1356-5 doi:10.1007/s13738-018-1356-5

Aramesh-Boroujeni, Z., Bordbar, A.-K., Khorasani-Motlagh, M., Sattarinezhad,
E., Fani, N., & Noroozifar, M. (2019). Synthesis, characterization, and bind-
ing assessment with human serum albumin of three bipyridine lanthan-
ide (III) complexes. Journal of Biomolecular Structure & Dynamics, 37(6),
1438–1450. doi:10.1080/07391102.2018.1464959

Aramesh-Boroujeni, Z., Khorasani-Motlagh, M., & Noroozifar, M. (2016).
Multispectroscopic DNA-binding studies of a terbium (III) complex
containing 2, 20-bipyridine ligand. Journal of Biomolecular Structure &
Dynamics, 34(2), 414–426. doi:10.1080/07391102.2015.1038585

Biswas, N., Saha, S., Khanra, S., Sarkar, A., Prasad Mandal, D., Bhattacharjee,
S., … Roy Choudhury, C. (2018). Example of two novel thiocyanato
bridged copper (II) complexes derived from substituted thiosemicarba-
zone ligand: Structural elucidation, DNA/albumin binding, biological pro-
file analysis, and molecular docking study. Journal of Biomolecular
Structure & Dynamics, 1–22. doi:10.1080/07391102.2018.1503564

Bolel, P., Mahapatra, N., & Halder, M. (2012). Optical spectroscopic explor-
ation of binding of cochineal red A with two homologous serum
albumins. Journal of Agricultural & Food Chemistry, 60(14), 3727–3734.
doi:10.1021/jf205219w

Bordbar, M., Tabatabaee, M., Yeganeh Faal, A., Mehri Lighvan, Z., & Fazaeli,
R. (2015). DNA binding properties of water-soluble mixed ligand nickel (II)
complex with calf-thymus DNA using different instrumental methods.
Synthesis & Reactivity in Inorganic, Metal-Organic, & Nano-Metal Chemistry,
45(12), 1882–1888. doi:10.1080/15533174.2014.900627

Budagumpi, S., Kulkarni, N. V., Kurdekar, G. S., Sathisha, M., & Revankar, V. K.
(2010). Synthesis and spectroscopy of CoII, NiII, CuII and ZnII complexes
derived from 3, 5-disubstituted-1H-pyrazole derivative: A special emphasis
on DNA binding and cleavage studies. European Journal of Medicinal
Chemistry, 45(2), 455–462. doi:10.1016/j.ejmech.2009.10.026

Buddanavar, A. T., & Nandibewoor, S. T. (2017). Multi-spectroscopic char-
acterization of bovine serum albumin upon interaction with atomoxe-
tine. Journal of Pharmaceutical Analysis, 7(3), 148–155. doi:10.1016/
j.jpha.2016.10.001

Cankaya, M., Hernandez, A., Ciftci, M., Beydemir, S., Ozdemir, H., Budak,
H., … Kufrevioglu, O. (2007). An analysis of expression patterns of
genes encoding proteins with catalytic activities. BMC Genomics, 8(1),
232. doi:10.1186/1471-2164-8-232
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