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Abstract A highly sensitive sandwich DNA detection meth-
od based on voltammetric detection of thionine-capped gold
nanoparticle (AuNP)/reporter DNA conjugate tags on gold
particle-modified screen-printed carbon electrode (SPCE)
was developed. The SPCE was modified with gold particle
by electrodeposition of gold on SPCE surface. The DNA
sensor was prepared by self-assembly of a thiolated DNA
probe on gold particle-modified SPCEs. The sandwich-type
system was formed by specific recognition of biosensor
surface-confined probe DNA to target DNA, followed by
attachment of thionine-capped AuNPs/reporter DNA conju-
gates. The biosensor is very sensitive because of the large
number of electroactive thionine molecules in the thionine-
capped AuNPs/reporter DNA conjugates. Under optimal con-
ditions, the dynamic detection range of target DNA was from
1.0x10 ' t0 1.0x10 " mol L', and the detection limit was
0.5x107'® mol L™'. The DNA sensor exhibited selectivity
against single-base mismatched DNA.

Keywords DNA - Sandwich - Thionine - Gold nanoparticles/
reporter DNA conjugates - Screen-printed carbon electrode

Introduction

High-sensitivity detection of nucleic acids is essential in clin-
ical diagnosis, pathology, and genetics [1, 2]. Sensitivity of
DNA biosensors is usually determined by signal variation
amplitude of hybridization event. Increasing efforts have been
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focused on the improving analysis of DNA by signal ampli-
fication to enhance the sensitivity of DNA biosensors [3-5].

Electrochemical method has received considerable atten-
tion in the development of DNA biosensors because it is a
simple, inexpensive, and sensitive platform [6]. The feasible
sensitivity of an electrochemical detection scheme is generally
dependent on the amount of electrical charge provided by the
labels. Therefore, the sensitivity of detection can be enhanced
by increasing the signal elements attached to each oligonucle-
otide target [7-9]. Gold nanoparticles (AuNPs) have recently
drawn great interest in biosensor development because they
are biocompatible and inert [10]. AuNPs have been employed
to amplify signals by forming a nanoparticle ensemble sub-
strate on electrode, thereby increasing the amount of
immobilized probe DNA on the electrode surface [11]. AuNPs
are also extensively used as labels because each AuNP can
provide thousands of electrochemically detectable elements
either by itself [12] or as a carrier for enzymes to produce
electroactive materials [13]. Wang et al. used 6-
ferrocenylhexanethiol to cap the AuNPs to amplify
voltammetric detection of DNA hybridization [14]. In this
method, AuNPs were used as carrier for electroactive mate-
rials. However, streptavidin was needed to functionalize
AuNPs, so that 6-ferrocenylhexanethiol-capped AuNPs could
bind to biotin-labeled reporter DNA. In these methods, com-
plex detection procedures necessitate a robust and simple
signal-amplification approach.

Thionine is a small electroactive molecule [15] that is
usually used as an electrochemical indicator for DNA hybrid-
ization because it possesses strong interaction with DNA [16].
Nitrogen atoms of the NH, moieties of thionine bind strongly
to AuNP surfaces. Therefore, AuNPs can be used as labels for
the accumulation of thionine on the electrode surface [17, 18].
Through thionine modified AuNPs was prepared and used as
tags, the aggregation of AuNPs occurred due to surface charge
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neutralization of cationic thionine molecules and negative
citrate-protected AuNPs [19]. Since their introduction in
1996, the use of oligonucleotide-AuNP conjugates (DNA—
AuNPs) in DNA sensing has been extensively studied [20].
After the modification of AuNPs with oligonucleotides, the
AuNP solution is stable even in the presence of NaCl [21]
(Scheme 1).

In this study, we report the preparation of thionine-capped
AuNP/reporter DNA conjugates and their application in
sandwich-type electrochemical detection of target DNA at
low levels. The sandwich-type system is formed by specific
recognition of biosensor surface-confined probe DNA to tar-
get DNA, followed by successive attachment of thionine-
capped AuNPs/reporter DNA conjugates. Fabrication and
performance of the DNA sensor are presented.

Experimental
Chemicals

All oligodeoxynucleotides were purchased from Shanghai
Sangon Biological Engineering Technology and Services
Co., Ltd. (China). Oligodeoxynucleotide concentration was
determined by its molar extinction coefficient at 260 nm using
UV spectrophotometer (UV-2450, Shimadzu Corporation,
Japan). The oligonucleotide sequences for both the probes
and the targets are shown in Table 1.

Bovine serum albumin (BSA), thionine, 6-
mercaptohexanol (MCH), and HAuCl, 3H,O were purchased

Scheme 1 Scheme for sandwich
DNA hybridization detection
using thionine-capped
AuNP/reporter DNA conjugates
as signal tags
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Table 1 DNA probes and their targets

Name Sequence (5’ to 3)

Probe DNA SH-(CH,)s-GCTGCTCTGGGTCTCAATGG

Reporter DNA SH-[PEG]-TCCCCGGCGCCACTGGCCAC

Diblock-DNA AAAAAAAAAAAAAATTT

Target DNA GTGGCCAGTGGCGCCGGGGAGGCAGCCA

TTGAGACCCAGAGCAGC

Single mismatch GTGGCCAGTCGCGCCGGGGAGGCAGCCA
DNA TTGAGACCCAGAGCAGC

Noncomplementary AACCAGTCACATATAAAATTCCATCAGTCG
DNA CTATGGGTCTCTTAG

from Sigma-Aldrich. Carbon ink (Electrodag 423SS) was
obtained from Acheson Colloids (Japan). Phosphate buffer
solution (PBS) consisted of 0.01 M phosphate-buftfered saline,
0.1 M NaCl, and 3 mM KCI (pH 7.4). Other chemicals and
reagents were commercially available and were of analytical
grade. Water was obtained from Millipore Milli-Q purification
system.

Instrumentation

Cyclic voltammetry (CV) and differential pulse voltammetry
(DPV) experiments were performed on a CHI 832 electro-
chemical workstation (Shanghai, China). All experiments
were performed with a conventional three-electrode system
using screen-printed carbon electrode (SPCE) as working

AuNP
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electrode, a platinum foil as counter electrode, and an Ag/
AgCl (saturated KCl) as reference electrode. All the potentials
were presented in terms of Ag/AgCl electrode potentials.

UV visible spectra from 200 to 800 nm were measured
using a Shimadzu UV-2450 spectrophotometer. Transmission
electron microscopy (TEM) images were obtained using a
JEM-2100 microscope with an accelerating voltage of
200 kV. Scanning electron microscopy (SEM) was performed
using a Quanta 200 (FEI, Philips) apparatus. The acceleration
voltage was 20 kV.

Synthesis of thionine-capped AuNP/reporter DNA conjugates

AuNPs (13 nm diameter) were prepared by reducing of
HAuCl, with trisodium citrate [22]. Conjugates of reporter
DNA-conjugated AuNPs (AuNP/reporter DNA) were synthe-
sized following a published protocol [23, 24]. Briefly,
AuNP/reporter DNA conjugates were synthesized by incubat-
ing ssDNA, including 1.0 uM reporter DNA and 4.0 uM
diblock-DNA, in 1 mL AuNP solution (13 nM). The
AuNP/reporter DNA conjugates were left for 16 h and “aged”
in salts (0.1 M NaCl, and 10 mM Tris-HCI, pH 7.0) for 24 h.
Excess reagents were removed by centrifugation at
15,000 rpm for 30 min. The red precipitate was washed,
recentrifuged, and then dispersed in 1 mL water.

AuNP/reporter DNA conjugate solution (1 mL) was mixed
with 0.05 mL thionine aqueous solution (20 mM) and stirred
effectively for 24 h. The solution was then centrifuged at
15,000 rpm to obtain the precipitate of thionine-capped
AuNP/reporter DNA conjugates. Then, the precipitate was
washed several times with cold water. The precipitate was
redispersed easily in water through sonication. Unbound thi-
onine were removed from the DNA-AuNP solutions by re-
peated washing and centrifugation.

Immobilization of probe DNA

SPCE was used as base electrode and the electrodeposition of
gold on SPCEs was according to the Ref [25]. Probe DNAs
were immobilized on gold particle-modified SPCEs by self-
assembly. Briefly, 50 uL of 0.5 uM probe DNA in PBS
(10 mM phosphate, pH 7.4, and 1 M NaCl) was added to
the electrode and incubated overnight at 4 °C. Subsequently,
the electrode was washed thrice with PBS, and then 250 pL of
50 mM MCH was added and incubated for 3 h at room
temperature. In the present research, MCH was used to block
the surface of AuNPs through self-assembly to reduce non-
specific binding. Then, the electrode was washed three times
with PBS and immersed in PBS containing BSA for 10 min to
block electrode surface. Finally, the electrode was washed
once to remove the unbound BSA. The resulting electrode
was used as DNA sensor.

Target DNA detection and analytical signal recording

Hybridization was performed by incubating the DNA sensor
in a target DNA solution for 30 min. After hybridization, the
sensor was washed three times with PBS buffer to remove the
physically adsorbed target DNA. Subsequently, the thionine-
capped AuNP/reporter DNA conjugate solution was coated
onto the resultant electrode surface, and the interaction was
kept at room temperature for 30 min to obtain a sandwich
sensing system. Finally, the DNA sensor was again washed
with PBS buffer three times to remove unbound thionine-
capped AuNP/reporter DNA conjugates.

Results and discussion

Preparation of thionine-capped AuNP/reporter DNA
conjugates

While DNA—-AuNPs conjugates typically exploit the well-
established strong Au—S chemistry to self-assemble thiolated
oligonucleotides at the surface of AuNPs, it remains challeng-
ing to precisely control the orientation and conformation of
surface-tethered oligonucleotides and finely tune the hybridi-
zation ability [23]. Studies with planar Au substrates have
shown that poly adenine (polyA) sequences containing mul-
tiple consecutive adenines preferentially adsorb Au with high
affinity, even comparable to Au—S chemistry. Pei et al. [24]
reported a bioconjugation of AuNPs with diblock-DNA con-
taining polyA. The strategy provided a reproducible means to
prepare nanoconjugates with well-defined surface density and
favorable hybridization ability. Further, unlike thiolated oligo-
nucleotides, diblock oligonucleotides are natural sequences
that are essentially free of any modification, hence the syn-
thesis cost is reduced and possible contamination is prevented.
Therefore, the diblock-DNA (contains a poly T and a polyA
sequence) was used to decrease the density of reporter DNA
on AuNP and improve the hybridization of reporter DNA to
target DNA. Formation of thionine-capped AuNP/reporter
DNA conjugates was confirmed using UV—Vis spectroscopy
and TEM. The spectrum of thionine (curve a) in water exhibits
characteristic absorption bands at 598 nm, which is a charac-
teristic absorption feature of its monomeric form (Fig. 1) [26].
Curve b in Fig. 1 is the absorption spectrum of AuNP solution,
in which the band at 520 nm is a characteristic absorption
feature of surface plasmon resonance (SPR) of AuNPs. The
characteristic absorbance of reporter ssDNA appeared at
260 nm. Two characteristic absorbances (520 and 260 nm)
were observed on the AuNP-ssDNA conjugation (curve c),
which proved that the reporter ssDNA was successfully bound
to the surface of AuNPs by the formation of stable Au—S bond
[27]. Curve d in Fig. 1 is the absorption spectrum of the
prepared thionine-capped AuNP/reporter DNA conjugates,

@ Springer



122

Gold Bull (2014) 47:119-125

0.3

o] N -

=
\m

0.1+

0.0+

T T
200 400 600 800

Wavelength / nm

Fig. 1 Absorption spectra. (a) thionine, (b)) AuNP, (¢) AuNP/reporter
DNA conjugates, and (d) thionine-capped AuNP/reporter DNA
conjugates

in which three characteristic absorbances (thionine at 598 nm,
ssDNA at 260 nm and AuNP at 520 nm) are observed. This
finding, clearly indicates the adsorption of thionine on
AuNP/reporter DNA conjugates, and that the position of
SPR exhibited by AuNPs is not influenced by thionine
adsorption.

Uniform dispersion of thionine-capped AuNP/reporter
DNA conjugates was further confirmed using TEM. Figure 2
shows the TEM images and the corresponding size distribu-
tion histograms of AuNP/reporter DNA conjugates before and
after thionine addition. The prepared AuNP/reporter DNA
conjugates are almost spherically shaped and separated from

;:3% )

Fig. 2 TEM images of AuNP/reporter DNA conjugates before (a) and
after (b) thionine addition
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one another (Fig. 2a). The AuNP/reporter DNA conjugates
still exhibit similar particle sizes (approximately 13 nm) with-
out obvious aggregation after thionine addition, indicating that
adsorption of DNA on AuNPs surface can protect AuNPs
from aggregation even with the presence of thionine (Fig. 2b).

Detection of target DNA

The morphology of the Au particles modified SPCEs were
characterized by SEM. Figure 3 displays the typical SEM
images of a bare SPCE (A) and an SPCE after Au electrode-
position (B). A rough and jagged structure with randomly
distributed carbon particles was observed for the bare SPCEs
(Fig. 3a). After the electrodeposition of Au on the SPCEs, the
surfaces of the electrodes were mostly covered with homoge-
neous particles (Fig. 3b), indicates that Au particles have been
electrodeposited on the SPCE surface for the immobilization
of probe DNA.

Figure 4 shows the CVs of the DNA sensor before and after
hybridization to target DNA as well as the formation of a
sandwich complex. No redox current response was observed
in the absence of target DNA (curve a). After hybridization to

Fig. 3 SEM images of SPCE before (a) and after (b) electrochemical Au
deposition
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Fig. 4 Cyclic voltammograms of DNA sensors before (a) and after ()
hybridization to target DNA and formation of sandwich complex

the target DNA (100 fM) and formation of a sandwich com-
plex, a well-defined CV corresponding to thionine was ob-
served at formal potential of —0.17 V versus Ag/AgCl. When
the sweep rate was 20 mV/s, thionine showed an oxidation
peak at —0.15 V and a reduction peak at —0.19 V, the peak-to-
peak separation was found to be about 40 mV. These results
suggest that the thionine-capped AuNP/reporter DNA conju-
gates were bound to the DNA sensors after hybridization of
target DNA to the immobilized probe DNA and reporter DNA.

Figure 5 shows the DPV response of the DNA sensor for
the target DNA with an increase in concentration from 0.1 to
500 fM. Well-defined DPV curves were observed. The cur-
rents were proportional to the target DNA concentrations. The
DPV response was linearly related to the target concentration
across arange of 0.1 to 100 fM. The regression equation was |
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Fig. 6 DPV responses of DNA sensor to the complementary target DNA,
single-base mismatch target DNA, and noncomplementary target DNA

(1A)=0.27+0.17 lg [target DNA] (fM), and the correlation
coefficient was 0.993. The detection limit was 0.05 fM
(S/N=3), lower than 0.5 fM for enzyme-based electrochemical
DNA sensors [28] but similar to the lowest values obtained in
bioassays based on multifunctional encoded DNA-Au bio bar
code amplification [29]. Hence, a method of improving sen-
sitivity and lowering the detection limit is obtained.
Measurement reproducibility, which is estimated as the
relative standard deviation of three measurements with differ-
ent electrodes at different concentrations, was investigated.
Results are shown in Fig. 5 and its inset. For a DNA concen-
tration of 100 fM, the relative standard deviation for six

Fig. 5 DPV responses of the ;
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detections with six different sensors was 6.8 %, indicat-
ing that measurements using the DNA sensor are highly
reproducible.

Detection of sequence-selective hybridization

The DNA sensor was exposed to noncomplementary DNA
and single-base mismatch DNA to illustrate its selectivity.
Almost no DPV peak was observed in the presence of non-
complementary target DNA (Fig. 6). This result demonstrates
that the DNA sensor did not respond to the noncomplemen-
tary target DNA. Though the DNA sensors responded to the
single-base mismatch DNA, the response was weaker than
that of the complementary target DNA. The current incre-
ments were 0.38 and 0.44 pA for the 10 fM single-base
mismatch and complementary target DNA, respectively, indi-
cating that the mismatched target DNA can be distinguished
from the complementary targets. These results demonstrate
the selectivity of the current assay.

Conclusion

A signal-amplified sandwich-type electrochemical DNA bio-
sensor for the detection of target DNA was developed.
Thionine-capped AuNP/reporter DNA conjugates were pre-
pared by attaching electroactive thionine to ssSDNA protected
AuNP surface. Relatively low detection limits were obtained
because of the signal-amplification effect of thionine-capped
AuNP/reporter DNA conjugates. Compared with other elec-
trochemical sensors, our system exhibits two main advan-
tages. First, the AuNPs were coated with reporter
DNA, which increased the stability of AuNPs, and more
thionine can adsorb to AuNPs surface. Second, a sim-
plified detection procedure was used. Thionine-capped
AuNP/reporter DNA conjugates were used directly to
enhance the signal. This eliminates the need for further
procedure such as enzymatic electroactive materials after
the formation of a sandwich complex. We believe that
our method would be valuable in electrochemical detec-
tion of DNA.
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