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ABSTRACT |

A disposable electrochemical biosensor for detection of DNA sequence related to Microcystis was described. After depositing
gold nanoparticles (AuNPs) onto a screen-printed carbon electrode (SPCE) surface by electrodeposition, the DNA probe which
is complementary to a specific gene sequence related to Microcystis was immobilized onto the AuNPs modified SPCE via a
thiol linker at the 5 end. On the electrode surface the immobilized single-stranded DNA could undergo hybridization in the
solution containing DNA specific-sequence of Microcystis. Using methylene blue as the indicator, DNA immobilization and
hybridization were characterized by cyclic voltammetry and differential pulse voltammetry. Parameters, such as the deposition
conditions of gold nanopariticle and the preconcentration time of MB, were optimized. In addition, the control experiments with
non-complementary and single base mismatch sequences were investigated and results demonstrated the high selectivity of the
biosensor. Copyright © 2010 VBRI press.
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Introduction

Water bloom (also known as algal bloom) is a natural
phenomenon that the population of algae increases or
accumulates rapidly in an aquatic system and it is usually
caused by eutrophication. Water bloom is a highly serious
environmental problem and it has an enormous impact on
society and human health especially when it happens in
freshwater lakes or rivers [1]. Normally, the most common
phytoplankton species is cyanobacteria and studies [1,2]
have shown that Microcystis is the most normal type of
cyanobacteria.  Microcystis can release hepatotoxic
microcystins in water which may cause serious illnesses in
fish, birds and mammals [3,4]. Currently the main
technologies used in Microcystis detection include
microscopic count [5,6], pigment-fluorescence analysis,
and other chemical molecular techniques [1]. However,
there are always some defects in these methods, for
instance, the microscopic count method is time-consuming
and hard-controlled, and the pigment-fluorescence analysis
cannot distinguish the Microcystis from other algae directly
[5-7]. Therefore, it is important to establish a simple, less
time-consuming and sensitive approach to detect the
Microcystis in freshwater particularly in drinking-water
source.

Electrochemical DNA sensor is one kind of biosensor
which detects the specific DNA sequence by the
electrochemical approach. This kind of sensor has a lot of
advantages including high-sensitivity, fast-response, easy-
handling, low-cost etc and it has been used in a broad area
just as virus detecting and diseases diagnosis [8-10].
Recently the studies of electrochemical DNA sensor have
aroused wide attention and researchers have developed
many methods to ameliorate the effect of these biosensors.
In this approach a kind of DNA sensor was reported to
detect Microcystis and methylene blue (MB) was used as
the redox indicator [4,11,12] to detect the hybridization of
specific-sequence of Microcystis DNA.

SPCE attracts broad interest in the research area of
electrochemical sensor because it is cheap, easy-made and
disposable [13-16]. It can also make the commercialization
and miniaturization of the biosensor a reality. Some high
sensitive biosensors are based on SPCE and display good
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performances [13,17-19], however the application of
SPCEs in the DNA sensor is very limited [20-22]. In order
to achieve the miniaturization and portability of the DNA
sensor and aimed to provide the basis for the in situ
determination of the Microcystis, the SPCEs were used as
the base electrode in this approach.

On the other hand due to the non-functional of the
carbon surface of SPCEs, AuNPs have been introduced to
the electrode surface, for linking the thiolated-DNA which
is complementary to the specific-sequence of Microcystis
on the electrode by Au-S bonds. AuNPs are very popular in
the field of biosensor especially DNA sensor because of
their specific properties in electronics, optics, magnetism,
and chemistry. They can be easy synthesized and used to
promote the sensors’ sensitivity remarkably [23,24]. Owing
to the big surface area and high surface free energy, AuNPs
are able to adsorb the DNA molecules strongly and increase
the quantity of the DNA immobilized on the electrode
[25,26], and finally enhance the electrochemical signals and
detection sensitivity of DNA sensor. Compared with
traditional gold disk electrode, the AuNPs modified SPCEs
do not need polishing before use and thus greatly save time.

Consequently based on the SPCE, this approach
developed a DNA electrochemical sensor modified with
AUNPs and researched its performance in the detection of
Microcystis.

Experimental

Reagents and solutions

All chemicals were of analytical-reagent grade and were
used directly without further purification. Ultra-pure water
(18.2 MQ-cm) from Milli-Q purification system (Shanghai
Hitech Instruments Co., Ltd) was used in all preparations
(except the preparation of the simulative samples). TE (10
mmol/L Tris-=HCI, 1 mmol EDTA, pH 8.0) (Tris is
NH,C(CH,OH); and EDTA is Ethylene Diamine
Tetraacetic Acid) and 2xSSC (30 mmol/L of C3;HsNazO;
and 300 mmol/L of NaCl, pH 7.2) were used. Methylene
blue (MB) and HAuCIl4;+4H,O were obtained from
Sinopharm Chemical Reagent Co., Ltd.

Eighteen-base  synthetic  oligonucleotides  were
purchased from Shenggong Bioengineering Ltd. Company
(Shanghai, China):

* 18-mer thiolated-DNA single sequence (ssDNA): 5’- SH-
(CHy)s-CAA GCT CTT CTT CAG GCC-3’;

+18-mer complementary DNA sequence (cDNA): 5’- GGC
CTG AAG AAG AGC TTG -3,

* 18-mer one-base mismatch sequence (0DNA): 5°- GGC
CTG AAC AAGAGCTTG -3%;

+ 18-mer non-complementary sequence (ncDNA): 5° - ACA
AAC TCC CCT CCA GCA -3".

DNA oligonuleotide stock solutions (25 umol/L) were
prepared in a TE buffer solution and kept frozen. More
dilute solution of sSDNA was prepared in 50 mmol /L Tris—
HCI, 20 mmol/L NaCl (pH 7.2), and other oligomers were
diluted in 0.05 mol/L Phosphate buffer solution(PBS),
containing 0.3 mol/L NaCl (pH 7.2).

Copyright © 2010 VBRI press.
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SH-probe immobilization

Hybridization

Scheme 1: Illustration of the processes of the AuNPs electro deposition, ssSDNA immobilization onto Au nano/SPCE and the detection of DNA.

Purity of oligonucleotides

The achievement of efficient immobilization of thiolated
DNA probes depends on their purity. Thus the ssSDNA
solution should be detected by UV-vis absorption
spectrometry before any experiment started. The ratio
between the absorbance values obtained at 260 and 280 nm
close to 1.8 indicated that DNA solution was sufficiently
free of protein and mononucleotides, and ssDNA was
suitable for electrochemical deposition on the electrode
surface [8].

Preparation of SPCE and immobilization of ssDNA

SPCEs with the diameter of 4mm were fabricated by a
TORCH T3244 manual screen-printer (Beijing Torch Co.,
Ltd., China). The scheme and fabrication steps were shown
in our previous work [27]. Prior to the immobilization of
sSDNA, the SPCEs should be electrodeposited with AuNPs.
It was carried out in 0.5 M H,SO, solution containing 0.01
M HAUCI,; using chronoamperometry. The electrode
potential was stepped from 0.76-0.16 V with the deposition
time 5s. Then the electrode was electrochemically treated
by cyclic potential scanning between 0 and 1.5 V in 0.5 M
H,SO, until the cyclic voltammogram became reproducible.
After these pretreatments, 10 pL, 1 uM ssDNA probe
solution was added onto the AuNPs modified SPCE (Au
nano/SPCE) and after 2h incubation at room temperature,
the modified electrodes were rinsed with 2 x SSC for 5s
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and then thoroughly rinsed with ultra-pure water. The
processes of the AUNPs electro deposition, ssSDNA
immobilization onto Au nano/SPCE and the detection of
DNA were shown in Scheme. 1.

Hybridization with targets

In the qualitative experiments, when the ssSDNA
immobilized Au nano/SPCE (ssDNA/Au nano/SPCE) was
prepared, 10 uL hybridization solution containing 1 uM
complementary target (cDNA) was added onto the surface
of the electrode. The hybridization was allowed to proceed
for 1h. The biosensor was then rinsed for 10s with 2xSSC
buffer and finally named cDNA/Au nano/SPCE. Control
experiments were carried out with samples containing the
same concentration of the non-complementary sequence
(ncDNA) or the one-base mismatch sequence (0DNA), and
then sensors were named ncDNA/Au nano/SPCE and
oDNA/AuU nano/SPCE, respectively.

In the quantitative experiments, hybridization solutions
including different concentrations of cDNA ranged from
0.10 to 0.01 pM were used in the same way mentioned
above. In the simulative experiments, hybridization
solutions were prepared by the water from Qingchun River
in the campus of the East China University of Science and
Technology. After deposition and filtration, the river water
(pH ~7.1) was used instead of the ultra-pure water. All the
other steps were as above.

Copyright © 2010 VBRI press. 219



Apparatus and measurement

All electrochemical experiments were performed with a
CHI 440A electrochemical workstation (CHI Instruments
Inc., USA) at room temperature with a conventional three-
electrode system. It consisted of a modified SPCE (working
electrode), a saturated calomel electrode (SCE) (work as
the reference electrode, saturated with KCI) and a counter
electrode made of platinum wire.

UV-vis absorption spectroscopy was done by a UV-
2102 (Unico (Shanghai) Instrument Co., Ltd., USA). The
scanning electron microscopy (SEM) image of the Au
nano/SPCE surface was recorded by a JSSM-6360LV SEM
(JEOL Ltd., Japan).

Results and discussion
Electrochemical characterization of Au nano/SPCE

Fig. 1 shows a scanning electron microscopy of Au
nano/SPCE electrode microstructure. After applying a
potential range of 0.16-0.76 V (vs. SCE) for 5 s in 4 mL,
0.5 M H,S0;, solution containing 0.01 M HAuCl,, the SEM
chart shows that there are masses of AuNPs cover on the
surface of the electrode and the average diameter is around
100 nm. The mechanism can be concluded as Equ. (1).

[AUCL] + 4H;0" + 3e" — AW’ + 4H" + 4CI" + H,0 - (1)

It also can be seen some AuNPs are agglomerated and
the supposed reason is the surface of electrode is not plane
enough. The AuNPs can enlarge the surface area of
electrode and then increase the quantity of DNA molecules
that binding to the electrode due to the Au-S bond.

Fig. 1. SEM of AuNPs on SPCE.

In this study, cyclic voltammetry over the potential
ranged from 0 to 1.5 V in 0.5 M H,SO, solution is chosen
to demonstrate whether the AuNPs have been formed. After
10 repeated scans at a scan rate of 100 mV/s, there is no
more change in peak height or shape. The cyclic
voltammograms of the bare SPCE and the Au nano/SPCE
are compared in Fig. 2. It can be seen clearly that Au
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nano/SPCE (curve a) shows a typical cyclic voltammogram
of gold, which contains a single sharp reduction peak
located at ~0.9 V and multiple overlapping oxidation peaks
in the range of 1.2-1.5 V. By contraries the bare SPCE
(curve b) shows none of the peaks mentioned above. As a
consequence it indicates out that the AuUNPs can be
deposited on the electrode by this electrochemical method.

The stability of the Au nano/SPCE was tested by
comparing the cyclic voltammogram detected 2 days later
with the one detected immediately after prepared. After the
10 scans carried out in 0.5 M H,SO, and then 2 days kept
in silicagel desiccator, the Au nano/SPCE did not show any
difference in the cyclic voltammogram (data not shown)
obtained with the same parameters in 0.5 M H,SO,. The
result indicates the AuNPs deposited on the Au nano/SPCE
are stable and steady.
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Fig. 2. Cyclic voltammogram for bare SPCE and gold nanoparticle
modified SPCE in a 0.5 M H,SO4 solution: bare SPCE (a); Au
nano/SPCE (b). Scan rate: 100 mV/s.
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Fig. 3. Cyclic voltammograms measured with bare SPCE (a), Au
nano/SPCE (b) and ssDNA/Au nano/SPCE (c) in the 2 mM ferricyanide,
0.5 M KCI aqueous solution, with a scan rate of 50 mV/s.

Electrochemical characterization of DNA-modified Au
nano/SPCE

Electroactive substance K;[Fe(CN)e] was used to check out
whether the DNA molecules have been modified on the
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electrode in this approach. Three SPCEs were chosen and
then AuNPs were electrodeposited in two of them. One Au
nano/SPCE was modified with ssDNA and named
ssDNA/Au nano/SPCE. The bare SPCE, Au nano/SPCE
and ssDNA/Au nano/SPCE prepared above were carried
out with cyclic voltammetry in 2 mM K;Fe(CN)g, 0.5 M
KCI solution. As showed in Fig. 3, due to the inert surface
and low electrode transport rate, the cyclic voltammogram
of SPCE does not display the typical redox curve (curve a).
Owing to that gold is propitious to transport the electrodes,
when the AuNPs are deposited on the surface of the
electrode (curve b), the anodic and cathodic peaks of
KsFe(CN)g are symmetrical and the peak currents are
almost the same (ipc/ipa = 1, ipc is the peak current of
cathodic peak and ip, is the peak current of anodic peak).
The electric potential difference AE is 80 mV. It
demonstrates that the redox reaction happened in Au
nano/SPCE is a quasi-reversible process and the result
indicates again that the AuNPs can be deposited on the
SPCE through the electrochemical method. After modifying
the ssDNA molecules on the Au nano/SPCE (curve c), the
difference of the peak currents (Aiy) of the redox curve
decreases and the AE increases (91 mV). The main reason
is the repeating structure of phosphate backbone makes the
DNA molecules electronegative thus repulse the
[Fe(CN)g]*. The other reason is that the steric hindrance of
the DNA molecules may reduce the electron transport rate
and therefore impacts the cyclic voltammogram. Based on
Fig. 3 and all the analysis, it can be known clearly that the
ssDNA have been successfully modified on the electrode.
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Fig. 4. Plot of the reduction peak currents of MB with CV for ssDNA/Au
nano/ SPCE as a function of MB accumulation time.

Optimization of the experimental parameters

Effect of the preconcentration time of MB: The Fig. 4
shows the relation curve of the reduction peak current of
the MB against the preconcentration time of MB.
According the graph the signal value of the MB shows an
exponentially increase with time in the first 5 min, and then
its growth rate reduces. After 15 min the signal value of
MB reaches a plateau and it means the amount of MB
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molecules embedded in the ssDNA have been saturated.
Consequently 15 min is chosen to be the best
preconcentration time of MB.
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Fig. 5. Cyclic voltammograms of the ssDNA/Au nano /SPCE in a TE
solution containing 2 x 10° M MB a~g: 100,
200,300,500,750,1000,2000 mV/s, respectively. Insert: Plots of cathodic
(ipc) and anodic (ipa) peak currents versus scan rates.

Effect of scanning rate: In order to investigate the effect of
the scanning rate, the ssSDNA/Auno/SPCEs were applied
with cyclic voltammetry in TE buffer solution (pH 8.0)
containing 2 x 10° M MB at different scanning rates (0.05
V/s ~0.5 V/s) and the results are shown in Fig. 5. It can be
seen that after scanning for 7 times the shape of peaks in
the cyclic voltammograms is still kept good and it indicates
that the modified electrode is stable. Furthermore the figure
insert demonstrates that the anodic peak current (ip,) and
cathodic peak current (i,c) are linear with scanning rate
respectively in the range of scanning rate investigated, and
it means there is an interaction between MB and ssSDNA/Au
nano/SPCE and the process is mainly controlled by the
effect of adsorption.

Effect of the dissolution of adsorbed MB: After scanning in
MB solution, there will be a large number of MB molecules
adsorbed on the surface of ssDNA/Au nano/SPCE. To
avoid MB molecules’ effect on hybridization, it is
necessary to remove the adsorbed MB. In the study, it is
found that if the sSDNA/Au nano/SPCE is transferred into
TE buffer solution (pH = 8.0) immediately after scanning in
MB solution, the peak value of MB decreases nearly 8% in
1 min and nearly 40% in 6 min. If the immersing time
increases, the peak value of MB will keep reducing until it
can be ignored. Fig. 6 shows the relation curve between
reduction peak current of MB and the immersing time. This
graph shows that the MB adsorbed in the modified
electrode will resolve in TE buffer solution in a few
minutes. Therefore in this study we immerse the electrodes
which affected with MB in TE buffer solution for 30 min to
remove the adsorbed MB.
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Fig. 6. Plot of the reduction peak currents of MB with DPV for
ssDNA/Au nano/SPCE as a function of MB solution time in TE buffer
solution.

Electrochemical detection of the DNA specific-sequence of
Microcystis

Differential pulse voltametry (DPV) was used to illustrate
the electrochemical effect between MB molecules and the
bare SPCE, Au nano/SPCE, ssDNA/Au nano/SPCE,
cDNA/Au nano/SPCE, respectively, and Fig. 7 and Fig. 8
show the results.

Fig. 7a shows that the electrochemical signal of MB on
bare SPCE is small. It can be attributed that the interaction
between bare SPCE and MB is not strong enough and the
MB molecules can only be accumulated by adsorbing to the
small space on the carbon electrode. However, after the
AUNPs have been deposited on the surface of SPCE, the
amount of the MB accumulated on the Au nano/SPCE
electrode as well as the output signal (Fig. 7b) increases.
This is due to the great deal of spacing among the
nanoparticles though it is hard to avoid the agglomeration.

Latest studies [12,28,29] demonstrated that the main
interactions between DNA and MB are the insertion action
and electrostatic action. In addition T-shaped, non-stacked
and face-to-face are found to be the three modes in which
the MB’- guanine complexes orientate. According to the
results obtained in this study, the insertion action plays the
dominant role in the connection between ssDNA and MB.
It is speculated that the reduction peak of ssDNA/Au
nano/SPCE (Fig. 7c) is bigger than the bare SPCE and the
Au nano/SPCE for two reasons: the first is the
electronegative phosphate backbone of ssDNA has static
sorption on the MB cations, and the second one is MB
molecules have a strong affinity for the free guanines of
ssSDNA which will be more exposed when the ssSDNA
molecules are immobilized [29-31]. After the hybridization
with complementary DNA (Fig. 7d), the double helix of
DNA (also known as double sequence, dsDNA) will form
on the surface of the sSDNA/Au nano/SPCE and it will be
much easier for MB molecules to insert into the groove of
DNA. Then the quantity of the bound MB molecules and
the electrochemical signal will increase as a consequence.
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Fig. 7. Differential pulse voltammograms of MB accumulated on the
bare SPCE (a), Au nano/SPCE (b), ssDNA/Au nano/SPCE (c), cDNA/Au
nano/SPCE (d) in a 0.05 M K;HPO4/KH;PQy, 0.3 M NaCl (pH 7.2).
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Fig. 8. Differential Pulse Voltammograms using 2.0 x 10° M MB as the
redox indicator for ssDNA/Au nano/SPCE (a), ncDNA/Au nano/SPCE
(b), oDNA/Aunano/SPCE (c), cDNA/Au nano/SPCE (d).

In control experiments, sSDNA/Au nano/SPCEs were
added with the solution of the non-complementary
sequence and one-base mismatch sequence respectively,
and then be detected in the same way. The Fig. 8 shows
that compared with the ssDNA/Au nano/SPCE (Fig. 8a),
the cathodic reduction signal of ncDNA/Au nano/SPCE
(Fig. 8b) is almost unchanged. This phenomenon
demonstrates that the hybridization reaction does not occur
on the surface of the electrode. On the other hand, the
cathodic reduction signal of oDNA/Au nano/SPCE (Fig.
8c) is bigger than the ncDNA/Au nano/SPCE but smaller
than the cDNA/Au nano/SPCE (Fig. 8d), which means
when the bases do not match absolutely, the hybridization
cannot carry out thoroughly either. Accordingly, based on
the DNA sensor proposed in this study, the qualitative
detection of distinguish the DNA sequence related to
Microcystis can be achieved by analyzing the signal of the
MB bonded to the modified Au nano/SPCE.

As shown in the Fig. 9, the calibration curve of the
DNA biosensor is researched by changing the concentration
of the target complementary DNA (cDNA). After
hybridization with cDNA of different concentrations, the
reduction peak currents in the DPV are measured. In

Copyright © 2010 VBRI press.
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addition, considering the background interference of the
solution, bland background (c.pna = 0 uM) is subtracted
from the original curves. It can be clearly seen from the
insert figure that the reduction peak currents of MB are
linear with respect to the concentrations of cDNA over a
range from 10~ to 10"* M. The regression equation is iy = -
8.777 Ccona — 8.113 x 107 (where iy, represents the DPV
peak current for MB in pA and ccpna represents the
concentration of cDNA in pumol L"), with a correlation
coefficient of 0.9961.

0.0
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Fig. 9. Background-corrected Differential Pulse VVoltammograms using
2.0 x 10° M MB as the redox indicator for cDNA/Au nano/SPCE with
different concentrations of cDNA: 0.010 uM (a), 0.025 pM (b), 0.050 uM
(c), 0.075 uM (d), 0.10 uM (e). Insert: Relationship between the peak
currents (ipc) of methylene blue using cDNA/Au nano/SPCEs and the
concentrations (ccona) Of the target cDNA. The regression equation of the
calibration line is ip; = -8.777ccona—8.113 x 1072 (where the peak current,
ipc, is in pA and the concentration, Ccpna, of cDNA is in uM), with R?=
0.9961.

Simulative samples are prepared to test the application
of the proposed biosensor. After deposition and filtration,
the water (pH ~7.1) from Qingchun River is used instead of
the ultra-pure water. Fig. 10 clarifies that though there is no
cDNA in the hybridization solution, the peak is still
obvious (curve a). It means the background cannot be
neglected for the existing signal. After the subtraction of
the background, the current is -0.9568 uA and the recovery
of the cDNA are calculated to be 99.79% in the sample
including 0.10 uM cDNA. These results obtained show that
the measurement will not be affected though the
environmental solution is complicated as real samples and
then prove again the present sensor is a very effective
analysis system. In the future it is hoped to detect the real
samples from the freshwater where water boom has
happened.

Conclusion

AuUNPs have big specific surface area and good
biocompatibility, and they can bond with thiolated-DNA
due to the Au-S binding. Based on AuNPs modified SPCE,
the cost of the biosensor is much lower than other
approaches and the amount of DNA molecules immobilized
on the electrode increases markedly. The DNA biosensor
proposed in this study realizes the detection of the specific-
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sequence of Microcystis genus and presents an important
method to achieve the low-cost, high-sensitive, and
dependable detection of Microcystis in the future.
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Fig. 10. Differential Pulse Voltammograms using 2.0 x 10° M MB as
the redox indicator for cDNA/Au nano/SPCE with different
concentrations of cDNA in the water from Qingchun River: 0 pM (a),
0.10 uM (b).
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