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a b s t r a c t

Highly sensitive biosensor with 1,1′-oxalyldiimidazole chemiluminescence (ODI-CL) detection was
developed to rapidly quantify Vibrio (V) parahaemolyticus without time-consuming procedures such as
multiple long-incubations and washings. When V. parahaemolyticus in Tris–HCl (pH 7) and hairpin DNA
aptamer conjugated with TEX615 in DNA free deionized water were consecutively added in PBS buffer
(pH 7.4) containing graphene oxides (GOs), V. parahaemolyticus and GOs bind competitively to hairpin
DNA aptamer conjugated with TEX615 during 10 min of incubation at room temperature. Brightness of
light immediately emitted with the addition of ODI-CL reagents (e.g., ODI, H2O2) after the incubation was
dependent on the concentration of V. parahaemolyticus in a sample. The dynamic range of linear
calibration curve for the quantification of V. parahaemolyticus in a sample was from 4375 to 70,000 cells/
ml. The limit of detection (LOD¼backgroundþ3� standard deviation, 2230 cells/ml) of the biosensor
operated with good accuracy, precision, and recovery was lower than those of conventional assay
methods such as time-consuming and expensive enzyme-linked immunosorbent assays.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

Vibrio (V.) parahaemolyticus, a curved, rod-shaped, and Gram-
negative bacterium, is known as a food-borne pathogen with
V. cholerae and V. vulnificus. The infection of V. parahaemolyticus
can usually occur when eating raw and undercooked seafood,
drinking contaminant water, and transmitting via. fecal–oral route
[1–3]. Unfortunately, the mechanism of diseases occurring with
the infection of V. parahaemolyticus has not been completely
elucidated [2,3]. Therefore, it is necessary for the development of
highly sensitive analytical method capable of rapidly monitoring
trace levels of V. parahaemolyticus in seafood and water to prevent
infections such as acute gastroenteritis.

Enzyme-linked immunosorbent assays (ELISAs) are widely
applied to quantify trace levels of V. parahaemolyticus [4–6].
Recently, polymerase chain reaction (PCR)—ELISA was developed
to analyze V. parahaemolyticus in shellfish [7]. However, ELISAs
using expensive and intractable antibodies, produced with the

sacrifice of little animals, are complicated and time-consuming.
In order to solve the critical disadvantages of ELISAs, Duan and
coworkers developed cost-effective and tractable hairpin DNA
aptamers, capable of rapidly binding V. parahaemolyticus, gener-
ated by SELEX (systematic evolution of ligands by exponential
enrichment) [8]. They reported that the range of binding dissocia-
tion constants (Kd) for hairpin DNA aptamers was 16.88 to
24.03 nM. However, aptasensor using hairpin DNA aptamers has
never yet been developed for the quantification of V. parahaemo-
lyticus in a sample.

Recently, several research groups reported that single strand
DNAs (ssDNAs) are immobilized on the surface of nanoparticles
such as various types of carbon nanotubes (e.g., single-, double-,
and multi-walled carbon nanotubes) and graphene oxide and
microfibers based on the principle of π–π stacking interaction
between ssDNAs and micro- or nano-particles [9–15]. Also, fluor-
escent ssDNA (i.e., ssDNA conjugated with fluorescent dye) bound
with micro- or nano-particles cannot emit fluorescence due to the
fluorescence resonance energy transfer (FRET) from fluorescent
ssDNA to micro- or nano-particles [9–12]. In addition, fluorescent
ssDNA immobilized on the surface of micro- or nano-particles
cannot emit light in 1,1′-oxalyldiimidazole chemiluminescence
(ODI-CL reaction) reaction because fluorescent ssDNAs excited by
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chemically initiated electron exchange luminescence (CIEEL)
mechanism of ODI-CL reaction [16–19] transfer energy to micro-
or nano-particles based on the principle of chemiluminescence
resonance energy transfer (CRET) [13,15].

Using the principles of FRET and CRET observed in fluorescent
ssDNA bound with micro- or nano-particles, various guanine
(G)-quadruplex aptasensors were developed for the quantifica-
tions of several target molecules (e.g., ATP, thrombin, ochratoxin A)
using G-rich ssDNA aptamers [9,10,12–14]. G-rich ssDNA aptamers
transform to G-quadruplex DNAs when they bind with target
molecules. G-quadruplex DNA bound with target molecule does
not interact with micro- or nano-particles whereas G-rich ssDNA
aptamers are immobilized on the surface of micro- or nano-
particles. Based on the different physical properties of G-rich
ssDNA aptamer and G-quadruplex DNA in the presence of micro-
or nano-particles, fluorescent G-quadruplex DNA bound with
target molecules emit fluorescence or ODI-CL, whereas fluorescent
G-rich ssDNA patamer immobilized on the surface of micro- or
nano-particles cannot emit fluorescence or ODI-CL due to the
principles of FRET or CRET. G-quadruplex aptasensor with ODI-CL
detection was faster and more sensitive than that with fluores-
cence detection because the background of former is much lower
than that of latter [13]. Also, highly sensitive and simple hybridi-
zation methods with fluorescence or ODI-CL detection were
developed based on the principles of FRET and CRET between
fluorescent complementary probe (i.e., complementary probe
conjugated with fluorescent dye) and micro- or nano-particles
[11,15]. Double strand DNAs (dsDNAs) formed from the hybridiza-
tion between fluorescent complementary probe and target ssDNA
do not interact with micro- or nano-particles, whereas comple-
mentary probes remaining after the hybridization are immobilized
on the surface of micro- or nano-particles.

Duan and coworker reported that the region of hairpin DNA
aptamer sequence, which is not G-quandruplex DNA aptamer,
is responsible for the high-affinity binding to the surface of
V. parahaemolyticus [8]. Hu and coworkers confirmed that fluores-
cent hairpin DNAs (i.e., hairpin DNAs conjugated with fluorescent
dye) immobilized on the surface of micro- or nano-particles do not
emit fluorescence [20]. Research results observed by two research
groups imply that an aptasensor with ODI-CL detection capable of
quantifying V. parahaemolyticus in a sample can be developed using
non-G-quadruplex DNA aptamers if fluorescent hairpin DNA apta-
mers bound to the surface of V. parahaemolyticus emit strong light
without the photochemical interference (e.g., quenching effect) of
micro- or nanoparticles while fluorescent hairpin DNA aptamers
immobilized on the surface of micro- or nano-particles do not emit
light due to the principle of CRET. Based on the hypothesis, in this
research, we developed for the first time a cost-effective aptasensor
with ODI-CL detection capable of rapidly and simply quantifying V.
parahaemolyticus. Detailed description about the chemiluminescent
apatsensor using non-G-quadruplex aptamers and nanoparticles
is below.

2. Experimental

2.1. Chemicals and materials

Heat-killed Vibrio positive control containg V. parahaemolyti-
cus, V. cholerae and V. vulnificus was purchased from KPL (Gaithers-
burg, MD, USA). Cell numbers of each vibrio in dextran solution
was evenly 2.2�107 cells/ml. Hairpin DNA aptamer [8] conjugated
with TEX615 (5′–TEX615-TCT AAA AAT GGG CAA AGA AAC AGT
GAC TCG TTG AGA TAC T-3′) was purchased from Integrated DNA
Technologies (Coralville, Iowa, USA). We selected TEX615 as a
fluorescent dye labeled with hairpin DNA aptamer because ODI-CL

efficiency of TEX615 is better than those of other fluorescent
dyes (e.g., fluorescein, Texas Red) widely used for fluorescence
and conventional peroxyoxalate chemiuminescence detection [13].
Graphene oxide (GO, 300–700 nm, 5 mg/ml, https://graphene-su
permarket.com/Single-Layer-Graphene-Oxide-Dispersion-in-Water.
html) dispersed in water was purchased from Graphene Super-
market (Calverton, NY, USA). Multi-walled carbon-nanotubes
(20–30 nm) was purchased from Nanomaterial store (Fremont, CA,
USA). Bis-2,4,6-trichloriphenyl oxalate (TCPO) and 4-methyli-
midazole (4MImH) were purchased from TCI, America (Portland,
OR, USA). 30% H2O2 was purchased from VWR (Philadelphia, PA,
USA). Rhodamine 101 and EDTA were purchased form Sigma-
Aldrich (Allentown, PA, USA). DNA free deionized water, HPLC grade
ethyl acetate, and isopropyl alcohol were purchased from EMD
(Billerica, MA, USA). PBS and Tris–HCl buffers were purchased from
Polysciences, Inc (Warrington, PA, USA).

2.2. Procedures

2.2.1. Effect of nanoparticles in ODI-CL reaction
In this research, 20 nM Rhodamine 101 was prepared in water

instead of TEX615 used as a fluorescent dye conjugated with
hairpin DNA aptamer. This is because pure TEX615 is not available
commercially, and Rhodamine 101 emits bright light in ODI-CL
reaction shown in Scheme 1. 5 different concentrations (0.06, 0.13,
0.25, 0.5, and 1 mg/ml) of GO and MWCNT were prepared in water.
ODI was synthesized from the reaction of 5 mM TCPO and 20 mM
4MImH in ethyl acetate. 0.2 M H2O2 was prepared in isopropyl
alcohol. In order to study photochemical and photophysical
properties of GO and MWCNT in ODI-CL reaction, rhodamine 101
(50 ml) and GO or MWCNT (50 ml) was mixed in a 0.5-ml micro-
centrifuge tube. The mixture (10 ml) was poured into a borosilicate
test tube (12�75 mm2, VWR). The tube was inserted into a
sample holder of Lumat 9507 with two dispensers (Berthold Inc.,
Germany). When the start button was pressed, H2O2 (25 ml) was
injected into the test tube through the first dispenser. Then, light
emitted in the test tube was immediately measured for 1 s with
the addition of ODI (25 ml) through the second dispenser.
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Scheme 1. ODI-CL reaction in the presence of Rhodamine 101. 1 1,1′-Oxalyldi-4-
methy-imidazole, 2 Rhodamine 101 under the ground state, 3 Rhodamine 101
under the excited state, X high-energy intermediate capable of transferring energy
to rhodamine 101.
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2.2.2. Selection of buffer solution
Four different pH TE buffers (pH 7, 7.5, 8, and 8.5) containing

5 mM EDTA and 10 mM Tris–HCl were prepared. PBS buffer (pH
7.4, components: 137 mM NaCl, 2.7 mM KCl, and 10 mM phos-
phate buffer) purchased from EMD was 10-fold diluted in water.
110 mg/ml GO was added in each buffer. Hairpin DNA aptamer
conjugated with TEX615 (10 mM) was dissolved in water to use as a
stock solution. Then, 200 nM hairpin DNA aptamer conjugated
with TEX615 (1 ml) was prepared as a working solution in a 1.5-ml
microcentrifuge tube. The working solution (100 ml) was mixed
with GO (100 ml) in each PBS buffer. The mixture was incubated for
10 min at room temperature. Light emitted from the mixture in
ODI-CL reaction was measured with Lumat 9507 through the same
procedures described in Section 2.2.1.

2.2.3. Quantification of V. parahaemolyticus
In order to develop a biosensor capable of sensing V. para-

haemolyticus in a sample, the stock solution (2.2�107 cells/ml) of
V. parahaemolyticus was prepared in Luria Bertani (LB) broth
(components: 1.0% tryptone, 0.5% yeast extract, 1.0% NaCl, pH
7.5). Each stock solution (20 ml) aliquoted in 0.5-ml microcentri-
fuge tube was stored at an ultra-low freezer (�80 1C, So-Low).
Working solutions (e.g., standards, samples) containing a certain
concentration of V. parahaemolyticus was prepared with the
dilution of stock solution using Tris–HCl (pH 7). GO (110 mg/ml)
was prepared in PBS buffer (pH 7.4) containing 1 mM phosphate
buffer, 13.7 mM NaCl, and 0.27 mM KCl. 200 nM hairpin DNA
aptamer capable of capturing V. parahaemolyticus was prepared
in DNA free deionized water. ODI synthesized from the reaction of
TCPO (5 mM) and 4MImH (20 mM) in ethyl acetate and H2O2

(0.2 M) in isopropyl alcohol were used as ODI-CL reagents. Hairpin
DNA aptamer (100 ml) was added in a 1.5-ml microcentrifuge tube
containing standard or sample (100 ml). After the 10-minute
incubation of the mixture in a Thermomixer R (Eppendorf, Inc.)
at 37 1C, GO (200 ml) was added in the 1.5-ml microcentrifuge tube.
Then, the final mixture was rapidly mixed with a vortex mixer
(VWR) for one second. Finally, light emitted from the complex of V.
parahaemolyticus and hairpin DNA aptamer-conjugated TEX615 in
each mixture was measured using Lumat 9507 with two dispen-
sers as described in Section 2.2.1.

3. Results and discussion

3.1. Effect of nanoparticles in ODI-CL reaction

As shown in Fig. 1, MWCNT acts as a quencher in ODI-CL
reaction. Recently, Kim et al. reported that MWCNT is a static
quencher in ODI-CL reaction because Rhodamine 101 adsorbed on
the surface of MWCNT cannot emit light due to CRET between
Rhodamine 101 and MWCNT [21]. As proof, they observed that the
time (τmax) necessary for attaining maximum CL intensity (Imax) as
well as the time (τhalf) necessary for decaying up to 1/e of Imax in
the absence of Rhodamine 101was the same as those in the
presence of Rhodamine 101 even though Imax of the former is
higher than that of the latter [21].

However, Fig. 1 indicates that GO does not act as a chemical and
physical interference in the emission of Rhodamine 101 in ODI-CL
reaction. Also, we confirmed that τmax (0.5 s) and τhalf (1.5 s) do not
depend on the concentration of GO. Thus, GO does not act as a
static as well as dynamic quencher in ODI-CL reaction.

The results shown in Fig. 1 indicate that an aptasensor with
ODI-CL detection using GO capable of quantifying V. parahaemo-
lyticus in a sample is more sensitive than that using MWCNT.

3.2. Selection of buffer

Fig. 2 shows that π–π interaction between haripin DNA
aptamer-conjugated TEX615 and GO is dependent on the type of
buffer as well as pH of TE buffer prepared with 10 mM Tris–HCl
buffer and 5 mM EDTA.

The signal to background ratio of hairpin DNA aptamer-
conjugated TEX615 in TE buffer (pH 7) is higher than those in
the rest of the TE buffers and PBS buffer (pH 7.4) because light
emitted in ODI-CL reaction at neutral pH condition is brighter than
that at basic pH condition [22].

Signal immediately measured with the addition of GO in PBS
buffer containing hairpin DNA aptamer-conjugated TEX615 was
similar to background measured in the presence of only GO. It
indicates that hairpin DNA aptamers are rapidly immobilized on
the surface of graphene oxide in PBS buffer. The result implies that
hairpin DNA aptamer-conjugated TEX615 is rapidly immobilized
on the surface of GO in the presence of alkali metals (e.g., Naþ and

Fig. 1. Effect of GO and MWCNT in ODI-CL reaction. Each value was obtained in
triplicate experiments.

Fig. 2. Effect of buffer solution to immobilize hairpin DNA aptamer-conjugated
TEX615 on the surface of GO. The error range of values measured under various
experimental conditions was 3–6%. Each value was obtained in triplicate
experiments.
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Kþ). Signal to background ratio after the 1-hour incubation of the
mixture didn't change within the acceptable error range (5%,
n¼3). It indicates that hairpin DNA aptamer immobilized on the
surface of GO is stable.

The immobilization of hairpin DNA aptamer on the surface
of GO was dependent on pH of TE buffer. Fig. 2 indicates that
π–π interaction between hairpin DNA aptamer-conjugated TEX615
and GO in pH 7 is faster than those in the rest of the buffers. Thus,
signal to background ratio immediately determined with the
addition of GO in TE (pH 7) containing hairpin DNA aptamer-
conjugated TEX615 was smaller than that in TE (pH 7.5) even
though signal to background ratio of the former in the absence of
GO was higher than that of the latter in the absence of GO.
Reduction rate of signal to background ratio in the presence of GO
at pH 7 was larger than those at the rest of the pH ranges. Thus,
signal to background ratio after the 1-h incubation of mixture in
TE (pH 7) was the lowest. However, signal to background ratio
calculated in this condition was still higher than that immediately
measured with the addition of GO in PBS buffer containing hairpin
DNA aptamer-conjugated TEX615.

In order to develop highly sensitive aptasensor, based on the
results shown in Fig. 2, we selected PBS buffer capable of rapidly
and stably immobilizing hairpin DNA aptamer-conjugated TEX615
on the surface of GO.

3.3. Possible mechanism for the quantification of V. parahemolyticus
using hairpin DNA aptamer-conjugated TEX615 and GO

As shown in Fig. 3, it is possible to quantify V. parahaemolyticus
using two different mechanisms. Fig. 3(a) shows that hairpin
DNA aptamers immobilized on the surface of GO interact with
V. parahaemolyticus before adding ODI-CL reagents to measure
light emitted from the complex of V. parahaemolyticus and hairpin
DNA aptamers come from the surface of GO. As the other
mechanism shown in Fig. 3(b), V. parahaemolyticus and hairpin
DNA aptamer can simultaneously (or consecutively) added in the
solution containing GO. The complex of V. parahaemolyticus and
hairpin DNA aptamer form competitively with the immobilization
of hairpin DNA aptamer on the surface of GO for a certain period of
incubation before adding ODI-CL reagents.

Fig. 4 shows that signal to background ratios using b mechanism
of Fig. 3(b) was higher than those using a mechanism of Fig. 3(a).
The results of Fig. 4 indicate that b mechanism for the quantification

of V. parahaemolyticus is more sensitive than a mechanism. Also, the
time necessary for the analysis of V. parahaemolyticus in a sample
using the former is faster than that using the latter. Thus, we selected
b mechanism of Fig. 3 to develop a new biosensor capable of sensing
trace levels of V. parahaemolyticus in a sample.

3.4. Determination of incubation time between V. parahaemolyticus
and hairpin DNA aptamer-conjugated TEX615

In order to develop a biosensor based on the mechanism shown
in Fig. 3(b), V. parahaemolyticus (20,000 cells/ml in Tris–HCl buffer
at pH 7) and hairpin DNA aptamer-conjugated TEX615 (200 nM in
DNA free deionized water) were consecutively added in PBS buffer
containing GO (110 mg/ml). The mixture was incubated for three
different time periods (e.g., 10, 30, 60 min) as shown in Fig. 5.
Relative CL intensity after the 10-min incubation was the same as
those after the 30-min and 60-min incubations within a statisti-
cally acceptable error range (5%, n¼3). As shown in Fig. 5, signal in
the presence of V. parahaemolyticus (20,000 cells/ml) was about
3.3 times higher than background in the absence of V.

Fig. 3. Possible mechanisms for quantifying Vibrio parahaemolyticus using biosensor with ODI-CL detection.

Fig. 4. Efficiency of biosensor with ODI-CL detection through (a) and (b) mechan-
isms. Each value was obtained in triplicate experiments.
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parahaemolyticus. The results of Fig. 5 imply that biosensor capable
of rapidly detecting trace levels of V. parahaemolyticus might be
more sensitive than conventional immunoassays such as ELISAs.

3.5. Quantification of V. parahaemolyticus using a new biosensor

We were able to rapidly quantify trace levels of V. parahaemo-
lyticus with the linear calibration curve (see Fig. 6) obtained using
the highly sensitive biosensor developed based on the preliminary
experimental data described above. The dynamic range of linear
calibration curve was from 4375 to 70,000 cells/ml. The limit of
detection (LOD¼backgroundþ3� standard deviation) [13,21,24]

of the biosensor was 2230 cells/ml. As shown in Table 1, rapid
biosensor developed in this research was more sensitive than
conventional immunoassays. Also, the biosensor was much faster
than all the other analytical methods shown in Table 1. Table 2
demonstrates that accuracy and precision of biosensor determined
using the calibration curve of Fig. 6 were good. Also, the recovery
of biosensor determined using mixture of two samples was good
within statistically acceptable error range.

4. Conclusions

In summary, we confirmed for the first time that hairpin DNA
aptamer, which is a non-quadruplex DNA aptamer, can rapidly
bind to GO in PBS buffer (pH 7.4). Also, hairpin DNA aptamer-
conjugated TEX615 immobilized on the surface of GO cannot emit
ODI-CL due to CRET from excited hairpin DNA aptamer-conjugated
TEX615 to GO. Based on these phenomena, we developed a highly
sensitive biosensor capable of rapidly quantifying V. parahaemoly-
ticus in a sample. Thus, we expect that the biosensor with ODI-CL
detection reported in this paper can be applied to rapidly quantify
various food-borne pathogens (e.g., Escherichia coli, Salmonella,
Listeria) with excellent accuracy and precision. Previous report
related to ODI-CL reaction [24] indicates that color emitted from
the biosensor with ODI-CL detection is dependent on properties of
fluorescent dye labeled with DNA aptamer. In other words, it is
possible to develop a biosensor capable of simultaneously detect-
ing multiple colors emitted from DNA aptamers conjugated with
various fluorescent dyes. Various DNA aptamers to analyze a
specific food-borne pathogen have been developed. Thus, in the
future, we expect that an ODI chemiluminescent biosensor using
multiple specific-DNA aptamers conjugated with different fluor-
escent dyes can be developed to simultaneously quantify multiple
food-borne pathogens in a sample.

Fig. 5. Effect of incubation time for the quantification of V. parahaemolyticus
(20,000 cells/ml) using biosensor with ODI-CL detection. Each value was obtained
in triplicate experiments.

Fig. 6. Calibration curve for the quantification of V. parahaemolyticus using biosensor
with ODI-CL detection. Each value was obtained in triplicate experiments.

Table 1
Comparison between new biosensor and conventional methods to quantify Vibrio
parahaemolyticus in a sample.

Method Detector Incubation
time (min)

LOD
(cells/
ml)

Reference

Hairpin DNA aptasensor ODI-CL 10 2,230 This
research

Sandwich ELISA Colorimeter 250 25,000 [4]
ELISA-On-A-Chip Colorimeter 20 620,000 [5]
Enzyme immunsensor Amperometric 4600 73,740 [6]
Immunochromatography Naked eye o15 100,000 [23]

Table 2
Accuracy, precision, and recovery of biosensor (n¼3).

Sample
1a

Sample
2a

Calculated
a,b

Measured
a,c

Accuracy
(%)

Precision
(%)

Recovery
(%)

8,750 140,000 74,375 69,224 6.9 6.1 93.1
17,500 70,000 43,750 44,288 3.5 5.2 103.5
35,000 70,000 52,500 50,183 4.4 3.7 95.6

a cell/ml of V. Parahaemolyticus.
b Calculated value¼(sample 1þsample 2)/2.
c Measured values in the mixture of sample 1 and sample were determined

with the calibration curve shown in Fig. 6.
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