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this new DNA biosensor.

This report describes an electrochemical biosensor for the detection of short DNA oligonucleotide of the
avian flu virus H5N1 with sequence 5'-CCA AGC AAC AGA CTC AAA-3'. To fabricate this DNA biosensor,
a gold (Au) electrode surface was modified with thiolated DNA probes with a sequence complementary
to the target DNA. This modified Au electrode was incubated in a buffer solution containing the target
DNA to form double-stranded DNA (ds-DNA) through hybridization. The ds-DNA on the electrode surface
was then labeled with silver nanoparticles conjugated with a well-known DNA intercalator, doxorubicin.
By performing cyclic voltammetry in an aqueous KCl solution (0.3 M), the silver nanoparticle labels were
detected as a result of the highly characteristic solid-state Ag/AgCl redox process. The signal obtained
was subsequently used to quantify the amount of DNA. A detection limit of 1 pM has been achieved with

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

DNA biosensors have received significant attention due to their
potential applications, including clinical diagnostics, forensic study
and environmental monitoring (Ahmed et al., 2008; Kurian et al.,
1999). Piezoelectric, optical and electrochemical techniques have
been developed to achieve highly sensitive DNA detection (Teles
and Fonseca, 2008; Sassolas et al., 2008; Drummond et al., 2003;
Yang et al., 1997). The electrochemical approach is of particular
interest, due to the following advantages: prompt detection, low
cost, simplicity, high sensitivity and amenability to miniaturization
on a chip (Ahmed et al., 2008; Gooding, 2002).

Advances in DNA biosensor have been realized with the devel-
opment of surface DNA probe immobilization in conjunction with
hybridization technique between complementary DNA sequences
(Yang et al., 1997; Gooding, 2002). Several comprehensive studies
for characterizing DNA probe immobilization have been reported
(Peterlinz et al., 1997; Herne and Tarlov, 1997; Steel et al., 1998,
2000; Peterson et al., 2001). Since the concentration of the target
DNA is extremely low, the sensitivity of DNA biosensor has to be
very high in order to detect DNA directly. In addition to tuning the
hybridization efficiency of the biosensor, different research groups
have utilized signal amplification strategies to increase the sensi-
tivity of the electrochemical biosensors (Wang et al., 2001; Patolsky
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et al.,, 1999; Alfonta et al., 2001; Wang et al., 2003a; Wang, 2005a;
Kavanagh and Leech, 2006; Gao and Yang, 2006; Polsky et al., 2006;
Hu et al., 2008; Bonanni et al., 2008). Two main signal amplification
strategies have been employed: (a) labeling double-stranded DNA
(ds-DNA) with either a reversible electron transfer mediator or a
nanocatalyst that can mediate the electrolysis of a large quantity
of substrate (Patolsky et al., 1999; Kavanagh and Leech, 2006; Gao
and Yang, 2006; Polsky et al., 2006) and (b) increasing the loading
of electroactive species, often by using metallic or semiconductor
nanoparticle labels, e.g. Ag, Au, CdS, ZnS and PbS. In these cases,
the large amount of metal atoms per nanoparticle label provides
considerable signal amplification. Moreover, the use of different
nanoparticles for different target analyte offers excellent multiplex-
ing capabilities.

The loading of Au or Ag could be further increased after an
enhancement step based on a seed mediated nucleation and growth
mechanism (Wang et al., 2001, 2003b; Wang, 2005b; Katz et al.,
2004; Luo et al.,, 2006; Guo and Wang, 2007; Castaneda et al.,
2007). The latter signal amplification strategy is more relevant to
the approach reported herein. In order to detect the nanoparti-
cle labels electrochemically, the nanoparticles on the ds-DNA are
oxidized with a strong oxidant, followed by stripping voltammet-
ric detection of the dissolved metallic ions (Wang et al., 2001;
Cai et al., 2002). To avoid this complicated pre-oxidation step, a
specially designed magnetic electrode is used to collect the metal-
lic nanoparticle-DNA-magnetic bead conjugates on the electrode
surface. The metallic nanoparticles are detected by direct electro-
oxidation (Wang et al., 2002). Gao et al. (2008) reported a direct
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Fig. 1. Schematics of the biosensing strategy.

differential pulse voltammetric detection of Ag nanoparticle labels.
A detection limit of 1 nM of DNA was achieved, which was much
higher than the values of 1fM-1 pM attained by the other electro-
chemical DNA biosensors with nanoparticles as labels. Gao et al.
(2008) managed to achieve a much lower detection limit of 10 fM
when Ag-loaded carbon nanotubes were used as labels to increase
the loading of Ag nanoparticles.

We have recently reported a simple strategy involving the label-
ing of the ds-DNA with Ag nanoparticles, followed by the detection
of a highly characteristic solid-state Ag/AgCl process (Zhang et al.,
2009). Neutral PNA probes were employed in that study. After
hybridization with the target DNA, the electrode surface became
negatively charged, and thus could be labeled with positively
charged Ag nanoparticles. This electrode was then placed in an
aqueous KCl solution. The amount of DNA was detected via the
solid-state Ag/AgCl process. A detection limit of 10fM has been
achieved. However, PNA is associated with high costs, and a much
cheaper DNA-based probe would be preferred. This implies that the
labeling strategy based on electrostatic attraction would need to
be replaced by another mechanism for quantifying the hybridized
DNA.

Chemical reagents, known as intercalators, can bind strongly to
ds-DNA through intercalation. Electroactive intercalators have been
widely used in the development of ultrasensitive electrochemical
DNA biosensors as both a hybridization indicator and an electron
transfer mediator for the electrolysis of a large concentration of sub-
strates for the purpose of signal amplification (Wong and Gooding,
2006; Kara et al., 2002; Mascini et al., 2001; He et al., 2005). Dox-
orubicin is one of the many intercalators that has been extensively
studied (Yang and Wang, 1999). It has a high binding constant
with ds-DNA (~10% M~1) (Yang et al., 1998; Messori et al., 2001;
Patolsky et al.,2002; Zeman et al., 1998). Herein we report the appli-
cation of doxorubicin-conjugated Ag nanoparticles as the labels
for DNA sensing. The Ag nanoparticles are then electrochemically
detected via the highly characteristic solid-state Ag/AgCl process
(Fig. 1).

2. Experimental
2.1. Materials and reagents

3’ thiolated oligonucleotide probe (sequence: 5'-TTT
GAG TCT GTT GCT TGG AAA AAA-3'), target oligonucleotide
(sequence: 5'-CCA AGC AAC AGA CTC AAA-3'), 1M of tris
(hydroxymethyl)aminomethane (TRIS) buffer (pH 7.0), 20x saline
sodium citrate (SSC) buffer solution (1x SSC contained 0.15M of
sodium chloride and 0.015M of sodium citrate), and 10% (w/v)
sodium dodecyl sulfate (SDS) solution were obtained from 1st

Base Pte. Ltd. 0,0’-bis[2-(N-succinimidyl-succinylamino)-ethyl]
polyethylene glycol 3,000 (NHS-PEG-NHS), 6-mercapto-1-hexanol
(MCH), sodium borohydride (NaBH4), potassium phosphate
monobasic (KH,PO4), sodium chloride (NaCl), sodium hydroxide
(NaOH), ethylenediaminetetraacetic acid (EDTA), silver nitrate
(AgNO3) and doxorubicin were obtained from Sigma-Aldrich.
Reagents used for the synthesis of the polymer capping agent of
the Ag nanoparticles, including pentaethylenehexamine (technical
grade), methyl-3-mercaptopropionate, tris(2-aminoethyl)amine
(96%), and epichlorohydrin, were obtained from Sigma-Aldrich.
PD-10 disposable desalting columns were obtained from GE
healthcare. Nanopure water (resistivity > 18 k€2 cm) was used.

2.2. Apparatus

Cyclic voltammetry was performed with a CHI 400 electro-
chemical analyzer (CH Instruments, Austin, Texas). A conventional
3-electrode system was employed. A2 mm-diameter gold electrode
(CH Instruments), a platinum wire and a Ag/AgCl (3 M KCl) elec-
trode (CH Instruments) were used as the working electrode, counter
electrode and reference electrode, respectively. Fluorescence and
absorption spectra were obtained with a Fluorolog®-3 spectroflu-
orometer (Jobin Yvon Inc., New Jersey) and an Agilent 8453 UV-vis
spectrometer, respectively. TEM experiments were performed on
a JEOL JEM-3010 electron microscope (200 kV). Centrifugation was
done using an Allegra 64R Centrifuge (Beckman Coulter, California).

2.3. Synthesis and conjugation of Ag nanoparticles

The capping agent used for the synthesis of the Ag nanopar-
ticles was a low molecular weight polymer that contained both
disulfide and primary amine. The synthesis of this polymer has
been described in detail in our previous paper (Ting et al., 2009).
The Ag nanoparticles were prepared by the chemical reduction
of Ag* ions in the presence of the capping agent. Briefly, 1 mM
of AgNO3 and 0.5 mg/ml of polymer were dissolved in 200 ml of
water, and stirred for 10 min. 15 mg of NaBH,4 dissolved in 2 ml of
water were added dropwise, resulting in a dark brown solution.
The solution was then concentrated to 10 ml through evapora-
tion. The nanoparticles were separated from the reaction mixture
by precipitating in a water/acetone mixture and centrifugation
at 21,000rpm. The supernatant was discarded, while the pre-
cipitate was re-dissolved in water. This procedure was repeated
twice to ensure the high purity of the final product. The syn-
thesized Ag nanoparticles were re-dissolved in 10 ml of water
as a stock solution for further application. They displayed an
absorption band at 404 nm, which corresponded to the charac-
teristic surface plasma resonance band of Ag nanoparticles. TEM
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Fig. 2. TEM images of Ag nanoparticles (a) before and (b) after conjugation with doxorubicin. Scale bar=20 nm.

image showed that the Ag nanoparticles were ~5nm in diameter
(Fig. 2a).

The Ag nanoparticles were conjugated with doxorubicin through
their primary amines by utilizing the NHS-PEG-NHS bifunctional
linker. Firstly, 0.850 mg of Ag nanoparticles was diluted in 1 ml of
borate buffer (pH 7.5), and mixed with an excessive amount of NHS-
PEG-NHS (10 mg dissolved in 100 .l of dimethyl sulfoxide (DMSO)),
so that statistically only one NHS from NHS-PEG-NHS could react
with a primary amine on the Ag nanoparticle surface. Cross-
linking and aggregation could thus be minimized. This solution
was incubated for 5-15 min before the NHS-PEG-NHS-conjugated
nanoparticles were passed through the Sephadex column to remove
excess NHS-PEG-NHS. Incubation time was varied to control the
amount of NHS-PEG-NHS per Ag nanoparticle, so as to manipulate
the loading of doxorubicin per Ag nanoparticle. The NHS-PEG-NHS-
activated Ag particles were immediately mixed with 1 ml of 5 mM
of doxorubicin, and incubated for 2 h under shaking. Next, 100 ul
of 1M of tris(hydroxymethyl) aminomethane (TRIS) buffer (pH
7.0) were added to block any unreacted NHS groups. The conju-
gated nanoparticles were passed through the Sephadex columns
twice to completely remove unbound doxorubicin. The successful
conjugation between doxorubicin and Ag nanoparticles was con-
firmed by the doxorubicin fluorescence at ~590 nm (Karukstis et
al.,, 1998) exhibited by the conjugated Ag nanoparticle solution. The
fluorescence peak of doxorubicin was also used to quantify the dox-
orubicin loading on the Ag nanoparticles. TEM image showed that
the Ag nanoparticles remained unchanged in size after conjugation
(Fig. 2b). The doxorubicin-conjugated Ag nanoparticles were stored
in the dark at4°C.

2.4. Electrode modification, DNA hybridization and detection

The gold electrode modification and DNA hybridization detec-
tion procedures were illustrated in Fig. 1. The gold electrode was
polished witha 0.3 wm alumina slurry on a microcloth pad (Buehler,
Illinois) for 3-5 min. The electrode was next sonicated in water for
a few minutes. The electrode was then electrochemically cleaned
in 0.5M of H,SO4 (by cycling between —0.2 and 0.85V versus a
Pt quasi-reference electrode for 60 cycles), to ensure a complete
removal of contaminants on the electrode surface. Immediately
after cleaning, the electrode was rinsed with water, and incubated
with 1 uM of thiolated oligonucleotide probe in 1M of KH,;PO4
(pH 4.5) for 10 min. The electrode was then rinsed with water. To
ensure a high hybridization efficiency (Herne and Tarlov, 1997),
the electrode was exposed to 1 mM of MCH for 1 h, followed by
washing with water. This DNA/MCH-immobilized gold electrode
was placed in contact with the target DNA dissolved in 10 mM of

Tris-HCI/1.0 mM of EDTA/1.0 M of NaCl for hybridization at room
temperature to form the ds-DNA. After 1 h, the electrode was rinsed
with 10 mM of Tris—HCl1/0.15 M of NaCl (pH 8.8), followed by 2 x SSC
buffer/0.2% of SDS. The electrode was rinsed again with 10 mM of
Tris-HC1/0.15 M of NaCl (pH 8.8). This electrode was then exposed
to the doxorubicin-conjugated Ag nanoparticle solution (pH 7.0,
dissolved in 10 mM of Tris buffer solution) for 20 min, allowing
for doxorubicin to be intercalated in the ds-DNA. The electrode
was washed carefully with 10 mM of Tris-HCl/0.15M of NaCl (pH
8.8) and with 0.1 M of KCI consecutively before performing cyclic
voltammetric studies at a scan rate of 0.1Vs~1.

3. Results and discussion

3.1. Detection of Ag nanoparticle labels using solid-state
voltammetry

Cyclic voltammetric measurements were first conducted in
0.3 M of KNO3. However, no obvious signals related to Ag oxida-
tion/reduction were observed from 0 to 1.2 V, which was consistent
with our previous finding (Zhang et al., 2009), presumably due to
the strong protection of the Ag nanoparticles by the capping agent
and the fact that linear sweep stripping voltammetry was less sen-
sitive as compared to the solid-state voltammetry for Ag detection
(Zhang et al., 2009). In contrast, when the voltammetric experi-
ments were conducted in 0.3 M of KCl, two well-defined current
peaks were observed (see Fig. 3). In the anodic potential sweep, a
very sluggish process was observed between 0.4 and 0.7V, corre-
sponding to the oxidation of Ag nanoparticles. Due to the formation
of AgCl, the oxidation of Ag nanoparticles became much easier. In
the presence of Cl—, the electrogenerated Ag* formed insoluble AgCl
on the electrode surface. In the reverse cathodic potential scan, AgCl
was reduced to Ag, and Cl~ was simultaneously released into the
solution. A sharp peak with a peak width at half height of ~18 mV
was observed at 0.122 V. This peak width was much narrower than
those associated with any other voltammetric processes (Bard and
Faulkner, 2001), as was typical for a solid-state electrochemical pro-
cess (Bond et al., 1998; Scholz and Meyer, 1989). The two solid-state
processes mentioned above were represented by Eqs. (1) and (2) in
the simplest forms,

Ag nanoparticle (s) + nCl~ (solution) — nAgCl(s)+ne~ (1)
AgCl(s) + e~ & Ag(s) + Cl™ (solution) (2)

The concentration of the target DNA determined the amount
of nanoparticle labels bound to the hybridized ds-DNA, which in
turn established the peak magnitude, allowing for the quantifi-
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cation of the target DNA. It was found that process (2) produced
a much larger peak current. Moreover, the signal produced from
this process was easily distinguished from the background signal,
which made the background subtraction straightforward. There-
fore, the well-defined and sharp peak generated by process (2) was
employed for DNA sensing.

The solid-state Ag/AgCl process is advantageous because it is
simple and highly characteristic. The solid-state Ag/AgCl process
described herein possesses distinct voltammetric features that are
different from those in the background processes. This is in stark
contrast to the other types of electrochemical processes whereby a
small signal may not be easily differentiated from the background.
The detection of Ag nanoparticles using the solid-state Ag/AgCl pro-
cess is also anticipated to have higher sensitivity as compared to the
conventional stripping voltammetric methods. This is attributed to
the very narrow peak associated with the Ag/AgCl process. The area
underneath this peak is proportional to the charge consumed. For a
given amount of electroactive species involved, the solid-state elec-
trochemical process is expected to have a much higher peak current
as compared to the other types of processes.

3.2. Effect of KCl concentration

It is expected from Eq. (2) that the characteristics of the solid-
state Ag/AgCl process are affected by the concentration of Cl~.
To investigate the effect of KCl, especially on the peak width and
peak height of the solid-state Ag/AgCl process, voltammetric exper-
iments were conducted on solutions containing different amounts
of KCl (0.08-0.5M). The average values of the peak width at half
height and the peak current for six parallel experiments conducted
for the measurement of 10 nM of target DNA were summarized in
Fig. 4. The relative standard deviation (RSD) for each of these data
points was ~10-15%. The results indicated that the peak width at
half height became smaller at a higher KCI concentration; the max-
imum peak current was also significantly reduced when the KCl
concentration was >0.4 M of KCl. Therefore, 0.3 M of KCl was chosen
for this study.

3.3. Effect of the surface density of immobilized DNA probes on
the sensitivity of the biosensor

The surface density of immobilized DNA probes has a profound
effect on the hybridization efficiency with the target DNA (Herne
and Tarlov, 1997; Peterson et al., 2001). When the probe density

Current (uA)
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Fig. 3. Typical voltammetric response of the DNA biosensor in 0.3 M of KCl after
hybridization with 1 nM of target DNA.
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Fig. 4. Effect of KCl concentration on the (a) peak current normalized by peak height
obtained with 0.08 M of KCl, and (b) peak width at half height.

is too high, hybridization efficiency is reduced. Based on the study
conducted by Herne and Tarlov (1997), the greatest hybridization
efficiency is achieved when the electrode surface is exposed to 1 uM
of thiolated DNA for 120 min, followed by 1 mM of MCH for 60 min.
The surface density of the probes was ~5.2 x 102 molecules/cm?
under these conditions. In this study, the surface density of the
DNA probes could also affect the efficiency of labeling since the
Ag nanoparticles have a typical size of 5 nm, instead of Angstroms
as in the case of a molecule. The labeling efficiency was expected to
decrease when the probe density was too high due to the steric hin-
drance effect. Therefore, experiments were conducted to examine
the effect of probe density on the sensitivity of the biosensor. The
probe density was varied by changing the immobilization period,
while keeping the duration for the MCH step constant (at 60 min).
The results suggested that the highest sensitivity was obtained
when a clean Au electrode was incubated with thiolated probe DNA
for 10 min.

3.4. The effect of doxorubicin loading on the sensitivity

As mentioned earlier, the sensitivity of biosensor depends on
the labeling efficiency with the target DNA. The labeling method
for this study involves the intercalation of doxorubicin with the ds-
DNA. Therefore, experiments were also conducted to examine the
effect of doxorubicin loading per nanoparticle on the sensitivity of
the DNA biosensor. Our results indicated that the highest sensitiv-
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Fig. 5. Comparison of voltammetric results measured in 0.3 M of KCl when a dox-
orubicin loading per Ag nanoparticle of (=) ~17 and (— ) ~1 was used in the labeling
process. Electrodes with the optimal probe density were incubated in 50 ! of 10 nM
of the target DNA for hybridization before labeling.
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Fig. 6. Calibration curve of the DNA biosensor obtained under optimal conditions.
The error bars indicate one standard deviation from the average of the peak current
for each concentration.

ity was achieved when the doxorubicin loading per nanoparticle
was ~1. When the doxorubicin loading per nanoparticle was much
higher than 1, the sensitivity would decrease. As shown in Fig. 5,
at a loading of ~17 doxorubicin per Ag nanoparticle, intercalation
was highly unfavourable. This was likely due to the fact that having
an overwhelming amount of doxorubicin on the Ag nanoparticles
presented a steric hindrance to intercalation with the ds-DNA on
the electrode.

3.5. Calibration curve for DNA detection

Under the optimal conditions, this biosensor has a good response
to DNA over a wide range of concentrations. Fig. 6 shows a cal-
ibration curve, and the error bars were taken as one standard
deviation associated with each measurement obtained from six
parallel experiments. A RSD of up to ~30% was associated with
the measurements when the concentration of DNA was 1 pM. This
RSD could be as small as ~10% when the DNA concentration was
higher than 10 nM. As a result of the adsorption isotherm, the peak
current increased linearly with the logarithm of the target DNA con-

centration as the DNA concentration was increased from 1 pM to
10 nM. The lowest detectable concentration of 1 pM was taken as
the detection limit. This was comparable to those obtained by the
other researchers when Ag nanoparticles were used as labels for the
electrochemical detection of DNA without using a Ag enhancement
step (Cai et al., 2002), but less sensitive compared to our previ-
ous study where neutral PNA was used as capture probe (Zhang
et al,, 2009). The peak current approached a plateau when the tar-
get DNA concentration was >10nM. Controlled experiments with
non-complementary DNA showed negligible response comparable
to that of a blank solution.

4. Conclusions

In summary, we have successfully synthesized doxorubicin-
conjugated Ag nanoparticles as labels in the electrochemical
detection of DNA using the thiolated DNA probe modified gold
electrode. These Ag nanoparticle labels were detected through the
highly characteristic solid-state Ag/AgCl redox process. The derived
ultrasensitive DNA biosensor operated in a simple and yet effective
manner to achieve a low detection limit of 1 pM.
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