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Abstract The purpose of this work was to fabricate an elec-
trochemical DNA biosensor for detecting hepatitis B virus.
Gold nanorods (GNRs), which are known for their conduc-
tivity, were used to increase surface area and consequently
increase the immobilization of single-stranded DNA (ss-
DNA) on the modified gold electrode. The GNRs were char-
acterized via transmission electron microscopy. The morphol-
ogy of the gold electrode before and after modification with
GNRs was characterized by scanning electron microscopy.
Atomic-force microscopy was used to evaluate the morphol-
ogy of the GNR electrode surface before and after interaction
with ss-DNA. Cyclic voltammetry was used to monitor DNA
immobilization and hybridization, using [Co(phen);]*" as an
electrochemical indicator. The target DNA sequences were
quantified at a linear range from 1.0x107'% to 10.0x
10 mol L', with a detection limit of 2.0x10 "> mol L™
by 3o0. The biosensor had good specificity for distinguishing
complementary DNA in the presence of non-complementary
and mismatched DNA sequences.
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Introduction

The development of DNA biosensors has attracted much
attention for many applications, including detecting gene se-
quences [ 1], identifying pathogens in product and food indus-
tries [2], and forensic applications [3]. Numerous techniques,
including quartz-crystal microbalance [4], electrochemical
[5], optic [6], and surface plasmon resonance [7] methods,
have been widely studied for DNA detection. Among them,
electrochemical biosensors have become very popular be-
cause of their great advantages, including simplicity, rapidity,
portability, low cost, and high sensitivity [8].

An important problem in the development of DNA hybrid-
ization biosensors is enhancing the immobilization amount
and accessibility of the DNA probe for hybridization with
target DNA, to improve the DNA biosensor performance.
Many kinds of nanomaterial, including metal [9], oxide [10],
and semiconductor [11] nanoparticles, can be used to improve
immobilization of biomolecules. Combining nanoparticles
with biomolecules improves biosensor performance because
of their large surface area. Cai et al. used colloidal gold with a
16 nm diameter to increase the immobilization of DNA on a
gold electrode and improve an electrochemical DNA biosen-
sor. Oligonucleotides with a mercaptohexyl group at the 5'-
phosphate end were immobilized on gold nanoparticles self-
assembled on a cysteamine-modified gold electrode, which
increased immobilization of single-stranded DNA (ss-DNA)
on the modified electrode in comparison with a bare gold
electrode [12]. Zhang et al. reported immobilization of DNA
on a silica-nanoparticle-modified electrode, resulting in in-
creased immobilization of ss-DNA brought about by the large
surface area [13]. Fu et al. reported fabrication of a DNA
biosensor by self-assembling colloidal Ag to a thiol-
containing sol-gel network. Silver nanoparticles could be
assembled into the sol—gel network and mercapto oligonucle-
otides bound to the Ag nanoparticles. The results indicated
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that the Ag nanoparticles increased the surface area of the
electrode, which led to an improved DNA anchor [14]. More
research on electrochemical genosensors has focused on
spherical nanoparticles [9] than on nanorods. However, GNRs
have several advantages over spherical gold nanoparticles,
including faster electron transfer [15], improved light-
scattering properties [6]. These properties lead to higher sen-
sitivity with lower detection limits. More studies on the use of
GNRs in DNA detection have focused on localized surface
plasmon resonance [16] and optical biosensors [17, 18] than
on electrochemical ones. For example, HJ. Parab et al. [6]
reported an optical biosensor for detecting target DNA, based
on GNRs as molecular probes, and X. Wang et al. [16]
designed a GNR biosensor using localized surface plasmon
resonance behavior for detecting the hepatitis B surface
antigen.

Viral hepatitis caused by hepatitis B virus (HBV) is
regarded as a serious public health problem of worldwide
importance, and causes other harmful consequences including
cirrhosis and hepatocellular carcinoma. There are an estimated
400 million people worldwide who live with chronic HBV
infection [19], and mortality as a result of liver disease caused
by HBV infection is estimated to be approximately one mil-
lion people annually [20]. Therefore, there have been great
efforts to develop methods for detecting and quantifying HBV.
Serum HBV DNA level can be regarded as a criterion for the
efficacy of treatment for chronic hepatitis B and used as an
effective marker for antiviral therapy, and this is performed via
molecular hybridization assays [21, 22].

In this paper, we describe an electrochemical DNA
biosensor for detecting HBV. The DNA biosensor surface
was made from sequential modification of 1,6-
hexanedithiol (HDT) and GNRs. First, HDT was assem-
bled on the gold electrode surface, and GNRs were then
placed on the HDT-modified electrode. The GNRs were
used to increase the surface area of the electrode to enable
the assembly of a greater amount of ss-DNA. Surface
morphology of the gold electrode before and after modi-
fication with GNR was characterized by scanning electron
microscopy (SEM), and atomic force microscopy (AFM)
was used to evaluate the morphology of the GNR-
modified electrode surface before and after interaction with
ss-DNA. ss-DNA immobilization and hybridization on the
GNR-modified electrode was studied by [Co(phen);]** as
an electrochemical indicator. The results revealed that
GNRs improve the electrode surface in comparison with
a bare gold electrode, and that the amount of DNA probe
and the sensitivity of the DNA biosensor increase. The
target DNA could be quantified in a linear range from
1.0x107'2 to 10.0x10°° mol L™, with a detection limit of
2.0x107'2 mol L™". In addition, the biosensor had good
specificity for distinguishing complementary DNA from
non-complementary and mismatched DNA sequences.
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Materials

Gold (III) chloride trihydrate, sodium borohydride, L-ascorbic
acid, potassium chloride, sodium chloride, sodium phosphate
dibasic, and potassium phosphate monobasic were purchased
from Sigma (USA). Hexadecyltrimethylammonium bromide
(CTAB), silver nitrate, sodium hydroxide, absolute ethanol, 6-
mercapto-1-hexanol (99 %), potassium ferrocyanide, and sul-
furic acid were from Merck (Germany). 1,6-Hexanedithiol
(HDT) (97 %) was bought from Acros (USA).

All electrochemical experiments were performed using a
computer-controlled pAutolab type III Potentiostat (Eco
Chemie, Utrecht, The Netherlands). Gold electrode, Ag—AgCl
wire, and platinum wire electrode were used as working
electrode, auxiliary reference, and counter electrodes,
respectively.

The sequence of oligonucleotides was selected using Basic
Local Alignment Search Tool (BLAST) to have the least
similarity to the human serum genome. The oligonucleotides
used in this work were:

Sequence name Sequence of oligonucleotides Company and

country
5"-HS (CH2)6 TAC CGT CCC  Vivantis,
CTTCITCAT CTGCCGT-3"  Malaysia

Thiolated-probe

Target 5'- ACG GCA GAT GAA GAA  Vivantis,
GGG GAC GGTA -3’ Malaysia
One-point 5"- ACG CCA GAT GAA GAA  Sinagen, Iran
mismatch GGG GAC GGTA -3’
Non- 5"-TAC CGT CCC CTT CTT Sinagen, Iran
complementary CAT CTGCCG T-3'

Stock solutions of oligonucleotides were prepared in PBS
solution (100 mmol L', pH =7.4) and stored in a freezer
(=20 °C). All solutions were prepared using double deionized
water (DDW).

Preparation of GNRs

The GNRs were prepared using a seed-mediated growth
method described in the literature [23]. For preparation of
seed solution, CTAB solution (5 mL, 0.2 mol L") was mixed
with HAuCl, (5 mL, 0.5 mmol Lfl). To the stirred solution,
0.6 mL 0.01 mol L™" NaBH, solution (kept in ice-cold con-
ditions) was added as reducting agent, and stirring of the seed
solution was then continued for 2 min. After stirring, the
solution was kept at 25 °C.

For preparation of growth solution, 5 mL CTAB
(0.2 mol L") was added to 0.25 mL AgNOs; solution
(4 mmol L"), and 22.5 mL HAuCl, (1 mmol L") was then
added to this solution during stirring. After mixing, 70 uL
ascorbic acid (0.0788 mol L") was added as reducing agent.
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Finally, 12 uL seed solution was added to the growth solution;
the temperature was constant at 24-27 °C, and the gold-
nanorod solution was produced during 20-30 min. The GNRs
were characterized by transmission electron microscopy
(TEM) (Fig. 1). Before use of the gold nanorods for the next
steps in the experiment, spherical nanoparticles and excess
CTAB were removed by two rounds of centrifugation at
12,000 rpm, each round lasting 7 min, and the supernatant
was decanted. GNRs were then suspended in an equal amount
of DDW.

Preparation of gold electrode

The gold electrode was mechanically polished with alumina
slurry on a micro cloth pad and washed with DDW. The
electrode was then sonicated into ethanol and DDW, respec-
tively, for 15 min, and dried. The electrode was then cycled in
0.5 mol L™" sulfuric acid solution between —0.5 Vand +1.3 V
(versus Ag—AgCl); the scan rate was 0.15 V's ' and 50 scans
were performed.

GNR-modified gold electrode

Immobilization of GNRs on the gold electrode was performed
using HDT. The monolayer of HDT was placed on the gold
electrode by dipping a clean gold electrode into a 0.5 % (v/v)
solution of HDT in ethanol for 1 h. The electrode was then
washed by ethanol and dried with nitrogen stream. The elec-
trode was next immersed into the aqueous goldnanorod solu-
tion for 1 h. The modified electrode was washed with DDW.
SEM imaging indicated the presence of GNRs on the elec-
trode surface.

Immobilization of thiolated single-stranded DNA probe

PBS (5 uL) (pH 4.5) containing 20 umol L' ss-DNA probe
was dropped on the modified electrode for 5 h, and the
electrode was then washed with PBS (pH 7.4) and DDW,
and dried with nitrogen stream. To remove unabsorbed ss-
DNA from the electrode surface, the electrode was immersed
into 2 mmol L' 6-mercapto-1-hexanol solution for 30 min
and then washed with PBS and DDW.

a

Fig. 1 TEM image of GNR

Hybridization of DNA probe with target DNA

The ss-DNA-probe-modified electrode was immersed in PBS
(pH 7.4) containing 10 umol L™ ss-DNA target for 1 h; the
DNA target was part of the DNA sequence of the hepatitis B
virus and complementary to the DNA probe. Afterwards, the
electrode was washed with DDW and dried with nitrogen
stream.

Results and discussion
Surface study of GNR-modified electrode by SEM

Figure 2 shows the SEM images of a planar gold electrode
after deposition of gold nanorods: (a) bare gold electrode, and
(b) GNR-modified gold electrode. As seen in Fig. 2a, before
deposition of GNRs the surface of the electrode was relatively
smooth. After modification with GNR, the electrode surface is
occupied by a large quantity of GNRs in random orientations
(Fig. 2b), which have self-assembled on the electrode surface.

Surface study of GNR-modified electrode by AFM

AFM images of GNR are shown in Fig. 4. The GNR have
ordered shapes before interaction with the DNA probe, as
shown by 3D micrographs (Fig. 3a). However, the ordered,
organized shapes of GNR were changed to disordered and
disorganized shapes after interaction with the DNA probe
(Fig 3b). This may be the result of destruction of longer GNRs
to shorter ones after interaction with the DNA probe. Howev-
er, GNRs remained on the surface of the gold electrode after
interaction with the DNA probe, increasing the surface-to-
volume ratio.

Cyclic-voltametric behavior of [Fe(CN)s]>"*~ at modified
electrodes

HDT contains two thiol functionalities which can act as a
mediator to anchor GNRs onto a gold electrode. A self-
assembling monolayer of HDT forms as the bare gold elec-
trode is immersed in the HDT solution. A second functional
group at the end of the self-assembled monolayer was used for
the attachment of GNRs. Figure 4a shows the cyclic
voltametric behavior of the electrode after each modification
step. Compared with the bare gold electrode (curve a), the
peak current reduced after self-assembly of HDT. This may
indicate that density on the electrode surface increased, and
the electron-transfer reaction between electroactive species
and the gold-electrode surface decreased. However, with
Au-HDT (1 h)-GNR (curve c), the current increased after
GNR attachment to the HDT-modified electrode. This may be
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Fig. 2 SEM images of (a) bare
Au electrode (b) GNR-modified
electrode

because GNR have an important effect, acting like a
conducting wire facilitating electron transfer. X. Han et al.
constructed a simple electrochemical sensor for DNA detec-
tion based on GNR-modified graphene-oxide sheets (GNR—
graphene-oxide nanocomposite) [24]. However, we used
HDT (1 h)-GNR to fabricate the electrochemical DNA bio-
sensor for HBV.

Figure S1 (Electronic Supplementary Material, ESM) de-
picts the current—concentration relationship as the bare gold
electrode was immersed in HDT solutions of different con-
centrations. As shown in ESM Fig. S1, the current of the
HDT-modified electrodes reduced as the HDT concentration
increased. This curve can be divided into two parts. The
current reduced rapidly as the HDT concentration in ethanol
solution increased to 0.5 % (v/v), whereas the reduction in
current become slower from 0.5 % to 2 %. The fact the current
reduced at a slower rate may indicate that most of the bare-
electrode surface was covered by HDT, which formed a stable
self-assembled monolayer on the gold-electrode surface by
one of the two thiol functionalities of HDT. This decrease in
the slope of the current is a reason for hypothesizing the
formation of a self-assembled monolayer and not a multilayer:
if a self-assembled multilayer had formed the current would
have decreased at a constant rate.

Fig. 3 AFM image of GNR-
modified electrode before (a) and
after (b) interaction with the DNA
probe. The images were taken
using semi-contact mode. Scan
range was 1 px1 p
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Figure S2 (see ESM) shows the relationship of current with
incubation time of the bare gold electrode in HDT solution. As
seen in ESM Fig. S2, the current reduced as the incubation
time increased. This indicates that assembly of HDT mono-
layers on the electrode surface increased with increasing in-
cubation time. Therefore, both concentration of HDT and
incubation time of the bare gold electrode in HDT affect
self-assembly of HDT on the electrode surface.

Figure 4b shows the cyclic voltametric behavior for differ-
ent modified electrodes in 2.5 mmol L™ [Fe(CN)¢]> "+~ aque-
ous solution containing 0.1 mol L™' KCI, at a scan rate of
50 mV s'. The optimized experimental conditions for the
DNA probe were 20 umol L' for 5 h, and those for the
DNA target were 10 pmol L' for 1 h. The peak current of
the bare Au electrode is shown in curve 4B(a). When the
electrode surface was immobilized by the DNA probe, the
peak current reduced. This may be caused by the repellence of
[Fe(CN)s]> ™ by the negatively-charged phosphate back-
bone of probe DNA immobilized on the electrode surface
(curve 4B(b)). The reduction in the peak current was preceded
by the hybridization of the DNA target with the DNA probe
(curve 4B(c)). This can attributed to increased negative
charges on electrode surface after hybridization of the DNA
target with the DNA probe, resulting in repelling of
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Fig. 4 (a) Cyclic-voltametric behavior of (@) bare Au electrode, (b) Au—
HDT (1 h), and (¢) Au—HDT (1 h)-GNR; and of (b) (a) bare Au
electrode, (b)) Au—HDT (1 h)}-GNR (1 h)-DNA probe, and (c¢) Au—

[Fe(CN)s]* . Also, immobilization of the DNA probe and
DNA target lead to increased density on the gold-electrode
surface and prevent electron transfer between the electrode
surface and electroactive species.

Cyclic-voltametric behavior of [Co(phen);]**
at DNA-modified electrode

Figure 5 shows the cyclic voltametric behavior for different
modified electrodes in 100 mmol L™ buffer solution after
incubation in 4 mmol L' [Co(phen);]*" for 1 h. In the
absence of DNA, the intensity of the peak current follows
curve 5a. After immobilization of the DNA probe, the peak
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Fig. 5 Cyclic-voltametric behavior of (@) bare Au electrode, (b) Au—
HDT (1 h-GNR (1 h)-DNA probe, (¢) Au—HDT (1 h)-GNR (1 h-DNA
probe-DNA target (10 pmol L™, (4)10 pumol L™ one-point-mismatch
DNA, and (¢) 10 umol L™! non-complementary DNA in 100 mmol L'
buffer solution after incubation in 4 mmol L™' [Co(phen)s]*" for 1 h, at
scan rate 50 mV s~

/uA

02 .01 0 01 02 03 04 05 06
E/V (Ag/AgCl)

HDT (1 h-GNR (1 h)-DNA probe—DNA target, for electrolyte solution
of 2.5 mmol L' [F e(CN)G]Sf/ + aqueous solution containing 0.1 mol L!
KCl, at scan rate 50 mV s |

current increased (curve 5b). This may be attributed to non-
specific adsorption of electrostatic interaction between ss-
DNA and [Co(phen)3]3+. After hybridization of the DNA
probe with the DNA target, the peak current increased further
(curve 5¢). This was caused by binding between ss-DNA and
[Co(phen)s]*" as intercalated interactions.

The selectivity of the biosensor was also studied using
cyclic voltametric behavior of [Co(phen);]** to probe differ-
ent DNA sequences. Curves 5d,e represent the electrochemi-
cal response of the hybridized electrode, in 100 mmol L™
buffer solution after incubation in 4 mmol L™ [Co(phen)3]3 "
for one-point-mismatch ss-DNA and for non-complementary
ss-DNA, respectively. A reduced peak current was observed
for hybridization of the ss-DNA-probe-modified electrode
with a one-point-mismatch ss-DNA (curve 5d) in comparison
with an ss-DNA target, and the peak current was much re-
duced for non-complementary ss-DNA (curve 5e). The

1/nA

2 .11 .10 .9 .8 -7 -6
Log (target DNA concentration / M)

Fig. 6 Relation of current change to target-DNA concentration
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constructed DNA biosensor had high selectivity for detecting
the complementary target.

Detection limit for target DNA

The sensitivity of electrochemical behavior for hybridiza-
tion was studied in the range 1 pmol L™'~1 w mol L™" ss-
DNA target. As seen in Fig. 6, the peak current response
reduced as the concentration of ss-DNA target was re-
duced. The regression equation obtained was y=
1.1417x+0.9058 (x was log (target DNA concentration),
mol L™'; y was I, pA), and R* was 0.97 %. To estimate
the limit of detection (LOD), the formula 30/a (where o is
the standard deviation of the blank solution and a is the
slope of the obtained line in Fig. 6) was used; the LOD
obtained was 2x10'* mol L.

Conclusion

We fabricated an electrochemical DNA biosensor based on
GNRs on a gold-electrode surface for detecting HBV. The
GNRs were used because of their large surface area, enabling
increased immobilization and hybridization. Self-assembly of
GNR on the modified gold electrode led to more attachment of
DNA probes and increased hybridization. The construction
process of the biosensor was studied by cyclic voltammetry
(CV) of [Fe(CN)s]* ", as an electrochemical redox probe,
and of [Co(phen);]*", as an electrochemical indicator. The
target DNA were quantified in the linear range from 1.0x
1072 to 10.0x10°° mol L', with a detection limit of 2.0x
1072 mol L™! by 30. The DNA biosensor had good specific-
ity for distinguishing complementary DNA from non-
complementary and mismatched DNA sequences. The se-
quence of oligonucleotides was selected using BLAST so that
it had the least similarity to the human serum genome. This
biosensor can be generalized to serum samples in future
studies. It is also suggested that the difference in aspect ratio
of GNRs may affect sensitivity of electrochemical biosensors.
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