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a b s t r a c t

An ultrasensitive enzyme-free electrochemical immunoassay was developed for detection of the fg/mL
level carcinoembryonic antigen (CEA) by using a double strand DNA@Au nanoparticle (dsDNA@AuNP) tag
and hexaammineruthenium(III) chloride (RuHex) as the electroactive indicator. The dsDNA@AuNP was
synthesized by one-pot hybrid polymerization of dsDNA on initiator DNA modified AuNPs via
hybridization chain reaction. The immunosensor was prepared by covalently cross-linking capture
antibody on chitosan/AuNP nanocomposite modified glass carbon electrode. The AuNPs accelerated the
electron transfer and led to high detection sensitivity. With a sandwich-type immunoreaction and a
biotin–streptavidin affinity reaction, the dsDNA@AuNP tag was conjugated on the immunocomplex to
bring a high amount of RuHex to the electrode surface via electrostatic interaction, resulting in an
amplified electrochemical signal. Under optimal conditions, the proposed sensing platform showed a
wide linear detection range from 10 fg/mL to 10 ng/mL along with a detection limit of 3.2 fg/mL for CEA.
The immunosensor exhibited high sensitivity and good stability, showing a promising application in
early cancer diagnosis and could be extended to sensitive electrochemical biosensing of other analytes.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

As is well known, the early clinical diagnosis of cancer can
greatly increase the expectation of complete patient recovery.
Tumor markers produced by the cancer cells or organs are usually
used to signal the presence and progression of a tumor because
their levels are associated with the stages of tumors [1,2]. There-
fore the development of sensitive and reliable strategies for the
determination of cancer-related biomarkers with ultra-low con-
centration is of great importance in the screening and diagnosis of
cancers in the early stage [3]. Various techniques and methods,
such as electrochemical [4,5], fluorescent [6], luminescent [7] and
colorimetric [8] immunoassays and assays using surface plasmon
resonance [9] and quartz crystal microbalance [10], have been
designed for ultrasensitive detection of tumor markers. Among
these methods, electrochemical techniques have attracted consid-
erable interest due to their high sensitivity, inherent simplicity,
portability and low cost [11,12].

In order to achieve ultrasensitive detection, various report probes
were designed to generate signals with a high signal-to-noise ratio.
The most popular strategy was to load large amounts of reporting

molecules, such as enzymes [13], quantum dots [14], metal nano-
particles [15] and electroactive molecules [16], on various micro- or
nano-carriers with high surface area, including carbon nanotubes
[17,18], graphene [19], magnetic beads [20] and nanoparticles [21].
Due to the advantages of convenient preparation, good biocompat-
ibility and easy functionalization with biomolecules, gold nanopar-
ticles (AuNPs) have been applied as one of the most used nano-
carriers [22]. For example, AuNPs can be modified with enzymes or
enzyme labeled antibodies to prepare multienzyme nanoprobes
and construct enhanced electrochemical immunoassays for low-
level proteins [21,23]. However, due to the big size of protein, these
probes can only load around 10 enzymes which greatly limit their
amplification ability.

Recently, with the rapid advances in DNA design, DNA based
signal amplification which employs DNA as amplified indicators
attracts great attention. Compared to enzymes, the linear shape of
DNA can help to reduce the steric hindrance and be loaded on
AuNPs with high amounts. For example, the biobarcode probe
invented by Mirkin's group contained around 100 signal oligonu-
cleotide strands on each AuNP, leading to much higher detection
sensitivity over other assays using conventional probes [24–26]. In
addition, with the introduction of DNA amplification techniques,
such as rolling circle amplification (RCA) and hybridization chain
reaction (HCR), on-nanoparticle amplification strategies were pro-
posed [27,28]. In these assays, the DNA loaded on AuNP was served
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as initiator to in situ trigger the RCA or HCR event, resulting in the
linkage of plentiful signal molecules on immunocomplexes and the
fg/mL and even sub fg/mL level detection limit of proteins. However,
the on-nanoparticle amplifications required strict conditions and
long time. In order to simplify the detection, our previous work
prepared a three dimensional DNA nanoprobe by HCR [29]. The
nanoprobe included an AuNP core and a dsDNA polymerization
shell which served as the polylinker for binding of enzymes. By
combining the DNA nanoprobe with the enzymatic silver enhance-
ment, the electrochemical immunosensor offered a detection limit
down to about 18 molecules.

Here, an ultrasensitive enzyme-free electrochemical immunoas-
say was developed by using the dsDNA@AuNP tag and hexaammi-
neruthenium(III) chloride (RuHex), [Ru(NH3)6]3þ , as the electroactive
indicator. RuHex is a model complex of small DNA intercalator, it
could bind to DNA through electrostatic interaction while free of any
duplex intercalation [30,31]. Some sensitive assays were developed
through attaching and quantifying RuHex on biobarcode tags [31,32].
This work used the dsDNA shell of dsDNA@AuNP tag to capture high
amounts of RuHex and sensitively signal the biorecognition event. A
chitosan/AuNP (CS/AuNP) nanocomposite film was used to prepare
the immunosensor. Both the dsDNA@AuNP tag and AuNPs-promoted
electron transfer improved the sensitivity of the immunosensor. The
present assay showed a wide linear detection range over 6 orders of
magnitude along with a detection limit of 3.2 fg/mL for carcinoem-
bryonic antigen (CEA).

2. Experimental

2.1. Materials and reagents

Mouse monoclonal anti-CEA antibody (Ab1), streptavidin labeled
anti-CEA (SA-Ab2) and bovine serum albumin (BSA) were purchased
from Beijing Biosynthesis Biotechnology Co., Ltd. (Beijing, China). CEA
standard solutions were from CEA ELISA kit, which was supplied by

Fujirebio Diagnostics AB (Göteborg, Sweden). Chitosan (CS, Z95%
deacetylation), RuHex and glutaraldehyde (GA, 25% aqueous solu-
tion) were purchased from Sigma-Aldrich Chemical Co. (St. Louis,
MO). Chloroauric acid (HAuCl4 �4H2O) and trisodium citrate were
obtained from Shanghai Reagent Co. (Shanghai, China). All other
reagents were of analytical grade and used without further purifica-
tion. Ultrapure water obtained from a Millipore water purification
system (Z18 MΩ, Milli-Q, Millipore) was used in the whole assay.

50 mM PBS (pH 7.5) containing 1 M NaCl was used as DNA
hybridization buffer for the preparation of dsDNA@AuNP tag. 1� TE
buffer (10 mM Tris, 1 mM EDTA, pH 8.0) was used as the storage
buffer for all DNA sequences. The washing buffer was 10 mM PBS
(pH 7.4) containing 0.05% (w/v) Tween-20.

The oligonucleotides were purchased from Sangon Biological
Engineering Technology & Co. Ltd. (Shanghai, China) and purified
using high-performance liquid chromatography. The sequences
were shown as following:

Initiator DNA (I-DNA): 50-AGTCTAGGATTCGGCGTGGGTTAA T15-
SH-30

Biotinylated initiator-DNA (B-I-DNA): 50-Biotin-AGTCTAGGATT-
CGGCGTGGG TTAA T15-SH-30

Spacer DNA (S-DNA): 50-SH-T15-30

Hairpin 1 DNA (H1): 50-TTAACCCACGCCGAATCCTAGACTCAAAG-
TAGTCT AGGATTCGGCGTG-30

Hairpin 2 DNA (H2): 50-AGTCTAGGATTCGGCGTGGGTTAACACGC-
CGAATC CTAGACTACTTTG-30

Biotinylated DNA1 (B-DNA1): 50-TTAACCCACGCCGAATCCTA-
GACT T5-Biotin-30

Biotinylated DNA2 (B-DNA2): 50-Biotin-T5 CACGCCGAATCCTA-
GACTACTT TG-30

As shown in Scheme 1(A), I-DNA as well as B-I-DNA was used
as initiators to trigger HCR with H1 and H2, and led to dsDNA

Scheme 1. Schematic diagram of (A) the preparation of dsDNA@AuNP tag and (B) the immunosensor fabrication and electrochemical immunoassay procedure.
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polymerization on AuNP surface and immunocomplex, respec-
tively. S-DNA was used as spacer to “stand up” I-DNA and tune its
coverage on AuNP surface for achieving high hybridization perfor-
mance. B-DNA1 and B-DNA2 could bind to the sticky ends of the
HCR polymerization to form biotinylated dsDNA@AuNP tag which
could further link on the immunocomplex via streptavidin–biotin
reaction.

Prior to use, H1 and H2 were heated to 90 1C for 90 s, and then
allowed to cool to room temperature for 1 h.

2.2. Apparatus

Square wave voltammetry (SWV) measurements were performed
on a CHI 660D electrochemical workstation (CHI, Shanghai, China) at
room temperature using a conventional three-electrode system with
a modified glassy carbon electrode (GCE) as working electrode, a
platinum wire as auxiliary electrode and a saturated Ag/AgCl as
reference electrode. Electrochemical impedance spectroscopic (EIS)
analysis was performed with an Auto lab PGSTAT12 (Ecochemie) in
0.1 M KCl containing 5 mM [Fe(CN)6]3�/[Fe(CN)6]4� . The ultraviolet-
visible (UV–vis) absorption spectra were recorded with a Nanodrop-
2000C UV–vis spectrophotometer (Nanodrop, USA). Dynamic light
scattering (DLS) measurement was performed by a BI-200SM light
scattering apparatus (Brookhaven, U.S.A.).

2.3. Preparation of dsDNA@AuNP

dsDNA@AuNP tag was synthesized according to the previous
protocol with slight modification [29]. Briefly, 40 μL of the mixture
containing 5 μM I-DNA and 25 μM S-DNA was added into 400 μL
of 5.0 nM 13-nm AuNP solution [33] and incubated for 2 h. Then
100 mM PB (pH 7.4) was added to the above mixture to reach the
final concentration of 10 mM. The solution was gently shook for
16 h. Small aliquots of 2.0 M NaCl in 10 mM PB were added
stepwise to raise the NaCl concentration to 1.0 M, during which
a 10-s sonication and a 30-min incubation were required for each
additional step of NaCl. The mixture was incubated over 16 h at
room temperature. Subsequently, a centrifugation process was
performed to remove the excess oligonucleotides and obtain the
I-DNA modified AuNPs, which were resuspended in 400 μL 50 mM
PB (pH 7.4) containing 1.0 M NaCl. Next, 40 μL of mixture contain-
ing 5 μM H1 and H2 was added to the above I-DNA modified AuNP
solution and gently shook for 4 h to process the HCR and hybrid
polymerization of dsDNA. The excess hairpins were removed by
centrifugation. The obtained HCR product was redispersed in
400 μL 50 mM PB containing 1.0 M NaCl. Then, 40 μL of 5 μM B-
DNA1 and B-DNA2 was added to the above HCR product and
reacted for 40 min to form biotinylated dsDNA@AuNP (Scheme 1
(A)). After removing the excess biotinylated oligos by centrifuga-
tion, the obtained dsDNA@AuNP tag was redispersed in 50 mM PB
containing 1.0 M NaCl, and stored at 4 1C prior to use.

2.4. Preparation of immunosensor

AuNPs with 13-nm diameter were synthesized according to the
previous protocol [33]. Chitosan solution (5%) (w/v) was prepared by
dissolving chitosan powder in 50 mM acetic acid. The as-prepared
AuNPs, 5% CS, deionized water and 1 M HCl with a volume ratio of
200:20:180:3 were ultrasonically mixed for 2 h to get a homoge-
neous solution of CS/AuNP.

The GCE was polished to a mirror using 1.0, 0.3 and 0.05 μm
alumina slurry (Buehler) followed by rinsing thoroughly with deio-
nized water. After successive sonication in 1:1 nitric acid, acetone and
deionized water to remove reducing, organic and aqueous impurities,
the electrode was rinsed with water and allowed to dry at room
temperature. 5 μL of CS/AuNP was dropped on the GCE and dried in

air. Then, 5 μL of 2.5% GA was coated on GCE for 2 h incubation,
followed by washing with washing buffer. 5 μL of 0.1 mg/mL Ab1 was
dropped onto the GCE to incubate at room temperature for 40 min
and 4 1C overnight in a 100% moisture-saturated environment.
Subsequently, excess Ab1 was removed with washing buffer. Finally,
5 μL of 2% BSA solution was dropped on the electrode surface and
incubated for 1 h at room temperature to block possible remaining
active sites against nonspecific adsorption (Scheme 1(B)). After
another wash with washing buffer, the immunosensor was obtained
and stored at 4 1C before use.

2.5. Measurement procedure

To carry out the immunoassay (Scheme 1(B)), the immunosensor
was firstly incubated with 5 μL of CEA standard solution for 30 min
at 37 1C [15,29]. After washing with washing buffer, the immuno-
sensor was further incubated with 5 μL of SA-Ab2 (100 μg/mL in
10 mM pH 7.4 PB) for 30 min at 37 1C to form sandwich immuno-
complex. Upon another washing step, 5 μL of biotinylated
dsDNA@AuNP tag was dropped on the sensor for incubation of
30 min. The sensor was washed with washing buffer and then
incubated with 10 μL of 1.25 mM RuHex solution for 20 min. Finally,
the SWVmeasurement was performed from 0 to �0.50 V at 50 mV/s
in 10 mM Tris–HCl solution under nitrogen atmosphere environment
to record the current response for CEA detection.

Fig. 1. (A) UV–vis absorption spectra and (B) hydrodynamic diameter of (a) AuNPs,
(b) H1@AuNPs, and (c) dsDNA@AuNP tag.
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3. Results and discussion

3.1. Characterization of dsDNA@AuNP tag

UV–vis spectra were performed to characterize the formation
of dsDNA@AuNP tag. As shown in Fig. 1(A), the size of the AuNPs
could be estimated to be 13 nm from its absorption at 519 nm
(curve a). After the AuNP modified with I-DNA and further reacted
with H1, the UV–vis spectrum of the formed H1@AuNP showed a
red shift of the absorption peak to 524 nm and a new absorption at
approximately 260 nm due to the adsorption of the DNA strands
on AuNP surface (curve b). Compared with H1@AuNP, the absorp-
tion peak of the dsDNA@AuNP tag was red shifted to 526 nm, and
the absorption at 260 nm was greatly enhanced, indicating the
hybrid polymerization of dsDNA on AuNP surface and the success-
ful formation of the dsDNA@AuNP tag.

DLS experiments were performed to characterize the hydro-
dynamic diameters of AuNPs, H1@AuNP and dsDNA@AuNP. As
shown in Fig. 1(B), the average hydrodynamic diameter of AuNPs
and H1@AuNP were 14 nm (Fig. 1(B)-(a)) and 27 nm (Fig. 1(B)-(b)),
respectively. Compared with H1@AuNP, the average hydrodynamic
diameter of dsDNA@AuNP increased to 82 nm (Fig. 1(B)-(c)),
suggesting the successful formation of DNA polymerization shell
on the AuNP surface. In addition, the DLS results which were in
good agreement with the previous work [29] also confirmed that
the prepared dsDNA@AuNP tag possessed good dispersity in
aqueous media and no aggregations or precipitates emerged.

3.2. EIS characterization of the immunosensor

EIS measurements were performed to obtain the detail infor-
mation of the modification and detection processes of the immu-
nosensor. In a typical EIS, the diameter of semicircle equals to the

electron-transfer resistance, Ret, which reflects the electron trans-
fer kinetics of the redox probe at the electrode surface. As shown
in Fig. 2, the CS/AuNP modified GCE (CS/AuNP/GCE) (curve b)
showed a much smaller Ret than bare GCE (curve a), implying that
the CS/AuNP nanocomposite was an excellent electric conducting
material to accelerate the electron transfer. After the CS/AuNP/GCE
modified with Ab1, the protein film increased the impedance, thus
showed lager Ret (curve c). Similarly, BSA, CEA and SA-Ab2 could
all resist the electron-transfer kinetics of the redox probe at the
electrode interface, resulting in the increasing impedance of the
electrode (curves d–f), which reflected the successful fabrication of
the immunosensor and the formation of the sandwich immuno-
complex. Subsequent surface incubation with dsDNA@AuNP tag
along with RuHex also led to a significant increase in Ret (curve g),
suggesting the successful conjugation of dsDNA@AuNP tag on the
immunocomplex through the biotin–streptavidin affinity reaction.

3.3. Optimization of detection conditions

After the sandwich immune-recognition, the dsDNA@AuNP tag
was easily bound on the target-related immunocomplex via
biotin–streptavidin affinity reaction to capture the electroactive
indicator of RuHex and sensitively signal the biorecognition event.
As a result, the redox peak current of RuHex referred to the
amounts of dsDNA@AuNP tag, as well as the immunocomplex, on
the immunosensor surface, which could be used for immunoassay
of protein. Thus, the conditions, such as RuHex concentration and
incubation time, that could affect the absorption of RuHex on
dsDNA@AuNP tag were optimized (Fig. 3). As shown in Fig. 3(A),
the SWV current of RuHex increased sharply with the increasing
incubation time and tended to level off after 20 min, indicating the
saturation capture of RuHex on the dsDNA shell of dsDNA@AuNP
tag. Therefore, an incubation time of 20 min was chosen for the
electrostatic absorption of RuHex.

Fig. 2. EIS of (a) bare GCE, (b) CS/AuNP/GCE, (c) (b) modified with Ab1, (d) the
immunosensor, (e) (d) reacted with 1 pg/mL CEA, (f) (e) reacted with 100 μg/mL SA-
Ab2, (g) (f) conjugated with dsDNA@AuNP tag along with RuHex in 0.1 M KCl
containing 5 mM [Fe(CN)6]3�/[Fe(CN)6]4� .

Fig. 3. Effects of (A) the incubation time of RuHex and (B) the RuHex concentration on the current response of 0.1 pg/mL CEA.

Fig. 4. SWV responses of 100 pg/mL CEA using (A) dsDNA@AuNP tag, (B) H1@AuNP
tag, and (C) dsDNA label formed with HCR process along with 1.25 mM RuHex.
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At the optimized incubation time of 20 min, the effect of the
RuHex concentration on the peak current of RuHex on immuno-
sensor was investigated. As shown in Fig. 3(B), with the increase in
RuHex concentration from 0.25 to 1.5 mM, the peak current
increased and reached the maximum value at 1.25 mM, suggesting
that 1.25 mM RuHex was sufficient for the immunoassay. Thus,
1.25 mM RuHex was chosen in the following experiments.

3.4. Amplification property of dsDNA@AuNP tag

In order to evaluate the amplification ability of the proposed
dsDNA@AuNP tag, sandwich immunoassays of 100 pg/mL CEA
using dsDNA@AuNP and H1@AuNP tag were performed. As shown
in Fig. 4, the dsDNA@AuNP tag produced a current response of
2.25 μA, which was 3.4 times higher than that of H1@AuNP tag,
along with similar noise. Furthermore, these results have been also
compared with those from immunoassay using single dsDNA label.
In this immunoassay, B-I-DNA was conjugated on the immuno-
complex through biotin–streptavidin reaction to in situ trigger the
HCR process and generate a single dsDNA label. Obviously, the
dsDNA@AuNP tag produced a stronger current response (4.1
times) than that using a single dsDNA label, leading to a higher
signal-to-noise ratio (Fig. 4). These results indicated that the
proposed dsDNA@AuNP tag had a good ability to capture higher
amount of RuHex and amplify the signal and could be used as an
efficient probe for highly sensitive electrochemical immunoassay.

3.5. Analytical performance of the immunosensor

Under optimal conditions, the SWV response increased propor-
tionally with the increasing concentrations of CEA (Fig. 5(A)). The
calibration plot showed a good linear relationship between the
SWV peak current and the logarithm value of the CEA concentration
in the range of 10 fg/mL to 10 ng/mL with a correlation coefficient of
0.9992 under the linear regression equation of I¼0.4505 log[C]þ
1.3693 (Fig. 5(B)). The detection limit corresponding to a signal-to-
noise ratio of 3 was 3.2 fg/mL, which was much lower than other
electrochemical immunoassays reported previously [34–36]. The
ultralow detection limit, high sensitivity and wide linear range over
6 orders of magnitude indicated that the proposed electrochemical
immunoassay along with the dsDNA@AuNP tag had great potential
in immunoassay of low-abundance proteins.

The fabricated immunosensor could be stored at 4 1C before
use. After storage of two weeks, the current response of CEA could
remain 95% of its initial value, indicating that the proposed
immunosensor had acceptable stability.

4. Conclusions

An ultrasensitive enzyme-free electrochemical immunoassay
was designed for detection of CEA by using dsDNA@AuNP tag and
RuHex as the electroactive indicator. The dsDNA@AuNP tag could
be conveniently synthesized by the one-pot hybrid polymerization
of dsDNA on initiator DNA modified AuNPs via a HCR process. The
high loading of RuHex on dsDNA shell of dsDNA@AuNP tag greatly
amplified the detection signal and hence improved the detection
sensitivity. The immunosensor was prepared on CS/AuNP nano-
composite modified GCE, in which the AuNPs accelerated the
electron transfer. With a sandwich-type immunoassay format,
the immunosensor showed a wide linear detection range of over
6 orders of magnitude, low detection limit of 3.2 fg/mL, and good
specificity for CEA detection. These features made the proposed
immunosensor favorable for the detection of proteins at low level
and showed promising application in early cancer diagnosis.
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