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In this work, the complex cadmium(Il)-morin was synthesized and its interaction with double-stranded
salmon sperm DNA was studied by electrochemical methods on glassy carbon electrode (GCE). It was shown
that Cd(Il)-Morin with high electrochemical activity can intercalate into the double-helix DNA, and the binding
stoichiometry and equilibrium dissociation constant according to the Hill model for cooperative binding were
calculated to be 1.761 and 2.5% 107> M, respectively. Using Cd(Il)-Morin as a novel hybridization indicator, the
hybridization between the probe and its complementary and mismatched sequence was investigated by

Keywords:

Elgctmchemical DNA biosensor differential pulse voltammetry (DPV), which was to access the selectivity of the developed electrochemical
Morin DNA biosensor. The complementary target ssDNA could be quantified over the range from 2.69x1078 M to
Cadmium 9.16x10"7 M with a linear correlation of 0.9971 and a detection limit of 9.30x10™° M. These results

DNA hybridization detection demonstrated that the Cd(II)-Morin indicator provides great promise for the rapid and selective measurement

Differential pulse voltammetry of the target DNA.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

Deoxyribonucleic acid (DNA) is one of the most important
macromolecules with biological activity which plays a key role in
the synthesis of proteins and gene expression. The detection of DNA
has been widely used in the fields of diagnosis of genetic diseases,
detection of infectious agents, different genetic expression, develop-
ment of medicine, drug screening, food safety and environmental
monitoring [1-6]. Electrochemical DNA biosensors based on nucleic
acid hybridization have become a popular method for DNA sequence
analysis owing to its good sensitivity, simplicity, accurate specificity
and good compatibility [7-10].

Biosensors for DNA typically employ a single-stranded DNA
probe sequence that is immobilized to the surface of an ampero-
metric electrode. The detection methods of sequence-specific
hybridization are either direct or indirect. For the direct detection
protocol, the oxidation of guanine moiety in DNA strands eliminates
the external labels (label-free detection), while indirect detection
protocol is based on the incorporation an electroactive indicator
[11,12] which has attracted a great deal of interests because it could
generate a measurable electrochemical signal from the hybridiza-
tion/recognition event. Moreover, as regards to the immobilization
of DNA on the electrode surface and the presence of the high
electroactive intercalators have become two leading directions
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for the construction of a more convenient and efficient DNA
electrochemical biosensor [13,14], many kinds of indicators with
different sensitivity and electroactivity have been developed
for hybridization detection, such as anticancer agents, organic
dyes, metal complex and so on. Seeking for novel hybridization
indicators for DNA sequence analysis and detection, therefore, is of
great significance.

Morin hydrate (2,(2,4-dihydroxyphenyl)-3,5,7-trihydroxy-4H-1-
benzopyran-4-one), Scheme 1, a light yellowish natural plant dye, is
known to have a broad pharmacological activity [15-20], such as
antitumour [15], antioxidation [16], cardiovascular protection [17,18]
and possibly even protective effects against chronic diseases [19,20].
Due to a convenient position of the 50H and 4C=0 as well as 30H and
4C=0 groups in a molecule, morin can easily form the chelate complex
with ions of p-, d-, and f-electron metals [21]. Therefore, morin has
been used as a colorimetric reagent for the spectrophotometric and
fluorimetric determination of metal ions [22-24]. In general, com-
pared with the ligand, the morin complex is considered to have a
better biological activity due to its cooperative effectiveness, which
results in the appealing studies of its antitumour activity. The
synthesis [21,25] and investigation [26,27] of morin metal complex
have been reported and different methods have been used to study its
interaction with DNA [28-32], including fluorescence [28-30],
phosphorescence [31], light scattering [32] and electrochemical
analysis [28,33,34]. However, the complex of cadmium(Il) with
morin is rarely reported.

In the present paper, morin was chosen as a ligand for the synthesis
of a novel cadmium(II) complex of Cd(Cy5Hg07),-2H,0 [abbreviated by
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Scheme 1. The molecular structure of morin.

Cd(Ly)]. The interaction between the Cd(L,) and double-stranded
salmon sperm DNA was investigated by cyclic voltammetry (CV) and
differential pulse voltammetry (DPV) methods. The experimental
results show that Cd(L;) can bind with double-stranded DNA (dsDNA)
to form a complex mainly by intercalation. Using Cd(L;) as an
electrochemical indicator, a novel electrochemical DNA biosensor was
developed after the accomplishment of hybridization of immobilized
probe DNA with its complementary single-stranded DNA (ssDNA) on
glassy carbon electrode (GCE). To the best of our knowledge, this work
represents the first demonstration of Cd(II)-Morin in interaction with
dsDNA and in the DNA biosensor as a hybridization indicator. The new
electroactive indicator and electrochemical DNA biosensor are con-
vinced to have promising applications in such fields as DNA detection,
drug designing and diagnosis of disease.

2. Experimental
2.1. Apparatus

Infrared (IR) spectra were recorded on a Nicolet 510P FT-IR
spectrophotometer. Elemental analysis was performed by a Perkin-
Elmer 240 analyzer. All electrochemical measurements were carried
out with Model CHI 832B Voltammetric Analyzer (CH Instruments,
USA). A three-electrode system was employed with Pt wire as the
auxiliary electrode, Ag/AgCl/KCl (saturated) as the reference electrode
and GCE (A=0.071 cm?) as the working electrode, respectively.

2.2. Reagents

The Cd(Cy5Hg07),-2H,0 (Scheme 2) was prepared according to the
literature [25]. Elementary analysis: Calc. (Found) for Cd(C;5H907),-2H,0:
C47.63(48.00); H2.97 (3.00) %; IR data (KBr disc, cm™ !, w, weak; s, strong;
vs, very strong): ¥(0-H), 3428(vs); 1(C=0), 1649(vs); 1(C=C), 1549(vs);
1(C-0-C), 1228(s); (Ph), 1499(s); 1(H,0), 697(s); 1(Cd-0), 499(s).

Double-stranded salmon sperm DNA was purchased from Shang-
hai Huashun Biological Engineering Company (Azgo/A2s0>1.8). The
concentration of dsDNA solution, expressed in moles of base pair, was
determined by UV absorbance at 260 nm using the molar extinction
coefficient (&) of 13,200 M™! cm™ . 1-ethyl-3-(3-dimethylaminopro-
pyl) carbodiimide solution (EDC) and N-hydroxy succinimide solution
(NHS) were purchased from Sigma and used without further
purification. Three 24-base oligonucleotides were purchased from
SBS Genetech Company (Beijing, China) with the following base
sequences:

« probe ssDNA (denoted as S;): 5-GAG CGG CGC AAC ATT TCA GGT
CGA-3'.

» Complementary target sSDNA (denoted as S,): 5-TCG ACC TGA AAT
GTT GCG CCG CTC-3'.

* Non-complementary ssDNA to S; (denoted as S3): 5-TCG TCC TGA
AAC GTT GCG CCT CTC-3'.

All oligonucleotides (100 pg mL™!) were dissolved in Tris-EDTA
buffer (TE, pH 8.0) and kept frozen. Other chemicals employed were all
of analytical grade and ultrapure water was used throughout.

2.3. Electrochemical studies on the interaction between Cd(L,) and dsDNA

Appropriate amount of dsDNA and Cd(L,) was mixed and
incubated in 0.20 M Tris-HCl buffer solution (pH 5.8) for 12 min.
The interaction characterization of Cd(L,) with dsDNA was performed
by CV, linear sweep voltammetry (LSV) and DPV method. For CV
scanning, the potential scanning range was from 0.20 V to -1.0 V; the
scanning rate was 0.15 V s~ ', For DPV, the initial potential was -1.0 V;
the final potential was —0.60 V; the pulse scope was 0.004 V. For LSV,
the potential scan was from -1.0 V to -0.40 V.

2.4. Preparation of the electrochemical DNA biosensor

2.4.1. Covalent immobilization of probe ssDNA

The electrochemical DNA biosensor developed was based on the
covalent immobilization of ssDNA on the modified GCE. Prior to the
experiment, the GCE was firstly polished successively with 1.0 pm,
0.3 pm and 0.05 um «-Al,03 suspension. Afterwards, the electrode
was oxidized at +0.50 V for 1 min in 50 mM phosphate buffer solution
(PBS, pH 7.4). Subsequently, the surface activation of the above
pretreated electrode was achieved by dropping 20 pL PBS containing
5.0 mM EDC and 8.0 mM NHS on it. After air-drying of this solution,
the probe ssDNA (S;) solution (1.62x107> M) was dropped on the
activated electrode surface and allowed to dry under an infrared lamp.
Then the electrode was rinsed with ultrapure water to eliminate the S;
adsorbed.

2.4.2. Hybridization reaction

The hybridization was carried out with the incubation of S;-
immobilized electrode in 20 mM Tris-HCl buffer solution (pH 7.0)
containing complementary ssDNA (S,) and non-complementary
ssDNA (Ss), respectively, and allowed for 1 h at 37 °C with constant
stirring. Afterwards, the electrode was dried at room temperature and
successively rinsed with the same Tris-HCl buffer solution and
ultrapure water to remove the residue S, or S; on the electrode
surface.

2.4.3. Intercalation of hybridization indicator

The accumulation of Cd(L,) on the hybridized electrode surface
was performed by immersing the electrode into 0.20 M Tris-HCl
buffer solution (pH 7.0) containing 6.54x 107> M Cd(L,) for 5 min at
room temperature. Then, the electrode was washed with ultrapure
water to remove the remnant Cd(L,) on the electrode surface.

2.5. Electrochemical detection

The electrochemical investigation of hybridization was carried out
by DPV measurements in 0.20 M Tris-HCl buffer solution (pH 5.8),
with potential scan from -1.0 V to -0.40 V. The peak related to the
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oxidation of Cd(L,) at -0.79 V was characterized as the electro-
chemical detection signal.

3. Results and discussion
3.1. Electrochemical interaction between Cd(L,) and dsDNA

3.1.1. Electrochemical behaviors of Cd(L) in the presence of dsDNA at
bare GCE

Electrochemical behaviors of Cd(L;) and its interaction with dsDNA
on the GCE at 25 °C were investigated. Fig. 1 shows DPVs obtained at a
concentration of 6.54x 107> M Cd(L,) for bare GCE in the 0.20 M Tris-
HCl buffer solution (pH 5.8) alone (curve a) or containing 2.15% 107> M
dsDNA (curve b) and 5.62x10~> M dsDNA (curve c). It is observed that
only one anodic peak ascribed to the oxidation of Cd(L,) appears at the
potential of —-0.79 V. The peak current is decreased and peak potential
(Ep) shifted positively with the addition of dsDNA in Tris-HCI buffer,
which strongly demonstrates the occurrence of the interaction
between dsDNA and Cd(L,).

Bard [35] has reported the discrimination of binding modes
between small molecules and DNA. If formal potential (E°’) shifts to
more negative value, the interaction mode is electrostatic binding. On
the contrary, if E°” shifts to more positive value, the interaction mode
is intercalative binding. Therefore, the interaction between Cd(L;) and
dsDNA is attributed to the intercalative binding in this study. It is
generally accepted that the planar aromatic heterocycle in morin plays
a major intercalation role and inserts in the double-helix of dsDNA.
Moreover, the decrease of peak current was also observed with the
increasing concentration of dsDNA. As far as the peak current of
anodic peak (I,,,) is concerned, the value of variational peak current is
linear proportion to the concentration of dsDNA in the range of
3.63x1075-5.62x 107> M, following equation below: Al,,=1.67 pA+
{2.47 [DNA]/uM} pA.

Experimental conditions for the interaction between Cd(L,) and
dsDNA, e.g., scan rate, reaction time, pH and iron strength were
optimized. Fig. 2 shows the investigations between the different scan
rates and I, using LSV. In the presence and absence of dsDNA, the
value of I,,, is directly proportional to the scan rate v’ (V/s) range from
0.14 Vs to 0.38 V s, suggesting an adsorption-controlled electro-
oxidation process of Cd(L,). Experiments to optimize the reaction time
were also performed. The I,, reached a constant value with incubation
dsDNA and Cd(L,) for 12 min, so 12 min was chosen as the reaction
time. It was found that the value of I, responded distinctly with the
pH of the Tris-HCl buffer solution and a maximum peak current
change before and after the addition of dsDNA was obtained at pH 5.8.
Consequently, pH 5.8 was chosen as the optimum reactive pH. In the
presence of dsDNA, when the ionic strength of the solution increased
from 10 mM to 100 mM with additional amount of KCl, the I,,
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Fig. 1. DPVs of Cd(L,) in the absence and presence of dsDNA: (a) 6.54x107> M Cd(Ly),
(b) (a)+2.15x107> M dsDNA, (c) (a)+5.62x 107> M dsDNA.
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Fig. 2. LSVs of Cd(Ly) in the different scan rates range from 0.14 Vs™! to 0.38 Vs~ . Inset
is the curve of peak currents versus the scan rates and the regression equation was
1,,=0.673 pA+{20.956[v/(V/s)]} pA with a correlation coefficient r=0.9989.

exhibited an unobviously increase and the peak potential had no shift
to negative value. In general, the interaction modes of the complex
with dsDNA are electrostatic and intercalative. If the ionic strength of
the solution increases with a potassium salt, there will be a charge
compensation of the nucleotide phosphates by the potassium ions,
hindering the electrostatic binding to the complex [36]. The result
presents that the ionic strength almostly has no effect on the
interaction between Cd(L,) and dsDNA, corresponding with the fact
of the intercalative interaction between Cd(L,) and dsDNA.

3.1.2. Determination of the equilibrium dissociation constant and
stoichiometric coefficient between Cd(L,) and dsDNA

The characteristic Hill parameters of the system for Cd(L,) and
dsDNA were determined according to the literature [33,37]. Itis assumed
that dsDNA and Cd(L;) only produce a single complex dsDNA-Cd(L;)y.
The stoichiometric coefficient, m, and the equilibrium dissociation
constant K between Cd(L,) and dsDNA refer to the reaction scheme (1)
for all-or-none (Hill) cooperativity of multiple ligand binding:

dsDNA + mCd(L;) = dsDNA - Cd(L3),, (1)
The definition of equilibrium dissociation constant is as follows:

K™ = [Cd(Ly)]™ - [dsDNA]/ [dsDNA - Cd(L3),,,]
= [Cd(L)" (1 = )/f )

Where the equilibrium dissociation constant K is the reciprocal of
the stability constant, (Ks=1/K), and f as the fraction of intercalative
complexation is defined as below:

f = [dsDNA - Cd(Ly),, ]/ [dsDNA - Cd(L2) 1] 1ax
= [Cd(L2)]" /{[Cd(L2)]"™ + K™} @)

Then, the following logarithmic equation can be deduced from Eq. (3).

log[f/(1 - f)] = —mlog(K/M) + mlog{[Cd(Ly)]/M} 4)

Based on the above scientifically deduction, the fraction f of dsSDNA
to which Cd(L,) is bound as dsDNA-Cd(L,)., relative to the total
dsDNA concentration in the supporting electrolyte are deduced in a
similar way with Wang et al. [33] as follows:

[dsDNAJo = [dsDNA - Cd(L2) ] oy

where [dsDNA], is total concentration of dsDNA.

f = [dsDNA - Cd(L3),,] /[dsDNA], (5)
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Mass conservation dictates that:

[dsDNA] = [dsDNAJy — [dsDNA - Cd(L3),,]

[CA(L2)] = [Cd(La)]o — M[dSDNA - CA(L3 )] ©
and

Ipa = kq[Cd(L2)), (7
Alpa = Ipa(Cd(La)g) — Ipa(Cd(Ly)) ®)

where [Cd(L;)] is the free concentration of Cd(L,) and Ip,(Cd(L;)) is
the anodic peak current of Cd(L,) in the presence of dsDNA. Insertion
of Egs. (6) and (7) into Eq. (8) yields:

Alpa = kq {[Cd(Lz)]O - [Cd(Lz)]} =k -m- [dsDNA . Cd(Lz)m] 9)
and
Alpa max = ki - m - [dsDNAJ, (10)

Where Alp, max is the maximum peak current change, obviously,
[dsDNA-Cd(L3)m]max=[dsDNA]o holds true. Insertion of Egs. (9) and
(10) into Eq. (5) yields:

f = Alpa/Alpa, max (11)

Insertion of Eq. (11) into Eq. (4), the following equation can be
yielded:

log[4lpa/ (Alpa, max — Alpa)] = —mlog(K/M) + mlog{[Cd(L,)]/M} (12)

From Eq. (12), if dsDNA and Cd(L;) only produced one single
complex, the plot log [Alpa/(Alpa, max—Alpa)] vs. log {[Cd(Ly)]/M}
would become linear with the slope of m. The K could be further
deduced from the slope and the intercept.

The dependence of the anodic peak current of Cd(L,) on the free
concentration of Cd(L,) in the absence (curve a) and presence (curve
b) of dsDNA is shown in Fig. 3. The relationship between Alp,, and the
free concentration of Cd(L;) (curve c) is also displayed in Fig. 3. The
numerical value of Al max can be obtained from the equation of the
curve ¢ with a kind of sigmoid.

As is shown in Fig. 4, the log [Al,,/(Alpa, max—Alpa)] vs. log {[Cd
(L,)]/M} becomes linear with the slope of m. The results of m=1.761
and K=2.5x10"> M were obtained from Fig. 4.

3.2. The studies of DNA electrochemical sensor in the presence of Cd(Ly)

Based on the above discussion that Cd(L,) can intercalate into the
bases of dsDNA, it should be reasonable for the DNA biosensor
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Fig. 3. Curves of anodic peak current of Cd(L,) (Ia), and Alj,, versus free concentration of
Cd(Ly). (a) [dsDNAJ: 0; (b) [dSDNA]: 2.86x 107 M; (¢) Alpa=Ipa, a=Ipa, b-
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Fig. 4. Dependence of log {Alp,/(Alp,, max—Alpa)} on log {[Cd(L)]/M}. The regression
equation was log {Al, [ (Alpa, max—Alpa)}=8.10+1.761 log {[Cd(L;)]/M} with r=0.9801.

development with the use of Cd(L,) as electrochemical hybridization.
The hybridization reaction in the presence of Cd(L,), of complemen-
tary ssDNA (S;) with its immobilized probe ssDNA (S;) on the GCE
support, is as following:

¢—S3 + Sq(immobilized) + Cd(L;) = ds—S1S,—Cd(L;) (13)

where ¢-S, as complimentary ssDNA-Oligomer, S;(immobilized) as
probe ssDNA on the GCE and ds-S;S,-Cd(L;) as product after
hybridization and intercalation.

At the base of reaction scheme (13), the DNA electrochemical
sensor was fabricated using Cd(L;) as hybridization indicator and was
investigated as follows.

3.2.1. The electrochemical characterization of the biosensor fabrication
The electrochemical probe molecule Fe(CN)2"/Fe(CN)&™ was chosen
to characterize the different modified electrodes. Fig. 5 shows the
corresponding CVs for bare GCE (curve a), S; immobilized GCE (curve b)
and hybridized (S;-S;) GCE (curve ¢) in 10 mM KCI solution containing
5.0 mM K3Fe(CN)gs. Compared to the signal obtained on bare GCE, the
peak currents of Fe(CN)2"/Fe(CN)&™ decreased significantly and the redox
peak potential separation increased on S; modified GCE and hybridized
(S1-S,) GCE, indicating that the diffusion of Fe(CN)2 /Fe(CN)&™ to the
modified electrodes surface was largely inhibited due to the electrostatic
repulsion between negative Fe(CN)2"/Fe(CN)¢™ ions species and negative
charged phosphate acid bone of ssDNA or dsDNA on the electrodes
surface. It evidently reveals that the immobilization of probe ssDNA and

0.5 04 03 02 o 00 -0.1
E/V(vs. Ag/AgCl)

Fig. 5. The CVs of K3Fe(CN)g on different electrodes (a) bare GCE; (b) S1/GCE; (c) S;-S,/
GCE.
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further hybridization with complementary target ssDNA could be
successively achieved with our advised procedures.

3.2.2. The selectivity of the biosensor fabrication

The selectivity of constructed electrochemical DNA biosensor with
Cd(L,) as indicator was investigated by DPV. Fig. 6 shows the
representative DPVs obtained in Tris—-HCl buffer solution (pH 5.8)
using S;-modified GCE (curve a), S1-Ss hybridized GCE (curve b) and
S1-S, hybridized GCE (curves ¢, d and e) respectively as working
electrode. Each measurement was performed after Cd(L,) was
accumulated.

It could be seen from Fig. 6 that there is almost no DPV peak
response of Cd(L,) for probe ssDNA modified electrode (curve a in
Fig. 6). This demonstrates that just a negligible small amount of Cd(L;)
could be accumulated onto electrode surface by electrostatic interac-
tion with S;.

The incubation with complementary target ssDNA yields an
obviously increased peak current of Cd(L,) at about -0.79 V, and the
peak currents in DPV responses at the complementary target sSSDNA
concentration of 1.62x1077 M, 6.23x10"7 M and 9.16x10"7 M were
0.23 pA, 0.47 pA and 0.64 pA, respectively (curve ¢, d and e in Fig. 6).
The incubation with complementary target ssDNA yields a signifi-
cantly increased peak current. The increased peak current indicates
the successful intercalation of Cd(L;) into the base pairs of the dsDNA
formed by S-S, target-specific hybridization, as is shown in the
reaction scheme (13).

Additionally, no voltammetric response was detected in curve b for
S1-S3 hybridized GCE. As we know, no base pair of the dsDNA was
formed because S; was non-complementary to S;. As a result, no Cd
(L) was accumulated on the surface of electrode.

Conclusively, the above research strongly proves that Cd(L;) could
interact with duplex DNA by major intercalation and the comple-
mentary target sSDNA could be readily recognized with immobilized
probe ssDNA on the electrode surface with Cd(L,) utilized as a novel
electrochemical indicator.

3.2.3. The sensitivity of the biosensor fabrication

The sensitivity of the fabricated DNA electrochemical sensor was
studied by the different concentration of target ssDNA (S,) complemen-
tary to the probe ssDNA (S;) immobilized on GCE. As is shown in Fig. 7,
the different anodic peak currents obtained in DPV measurement
increases with the increasing concentration of S,. The value of peak
current is linear with the concentration of S, over the range from
2.69x1078 M to 9.16x 107 M. Thus, a detection limit of 9.30x10™? M of
the target ssDNA could be estimated using 30 (where o is the standard
deviation of the blank solution, n=11).
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Fig. 6. The DPVs of different GCEs in Tris—-HCl buffer solution (a) S1/GCE (b) S1-S3/GCE;
where the concentration of S3 was 1.62x1077 M, (c) (d) (e) S;-S,/GCE, where the
concentration of S, was 1.62x1077 M, 6.23x1077 M and 9.16x 10”7 M respectively.
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Fig. 7. The value of variational peak current (Al,,,) versus concentration of target sSDNA
(S2). The regression equation was Alp,=13.1 pA+{5.41([S,]/uM)} pA and the correlation
coefficient r was 0.9971.

3.2.4. Regeneration and stability of the DNA biosensor

Regeneration of the modified electrode was accomplished as follows:
the hybridized surfaces of the electrodes were rinsed by hot (95 °C)
ultrapure water for 5 min, rapidly cooled in an ice bath and tested the
reusability of the repetitive hybridization biosensor. Following this
procedure, the electrode response returned to its original signal that was
obtained at the modified GCE surface prior to regeneration. The
regenerated sensor produced a similar decrease of the DPV response
when hybridized with the target ssDNA, demonstrating the regenera-
tion and stability of the DNA biosensor. This regeneration of the modified
GCEs with single-stranded oligonucleotides is useful for continuous
monitoring of the target ssDNA in the future research.

4. Conclusions

The new electroactive indicator of cadmium(Il)-morin was
synthesized and its interaction with salmon sperm dsDNA was
investigated using electrochemical methods. The binding stoichio-
metry m=1.761 and equilibrium dissociation constant K=2.5x10"° M
according to the Hill model for cooperative binding have been
calculated. Moreover, using Cd(L;) as a novel electroactive indicator,
the constructed electrochemical DNA biosensor could selectively
detect the target ssDNA fragment. The surface hybridization of the
immobilized ssDNA fragment with its complementary ssDNA frag-
ment was proved by electrochemical methods. The target ssDNA could
be quantified over a linear range from 2.69x10™8 M to 9.16x10™7 M
with a detection limit of 9.30x10™° M. The developed electrochemical
DNA biosensor based on the cadmium complex of morin would attain
a promising in transducing DNA hybridization, drug designing and
diagnosis of diseases.
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