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a b s t r a c t

Interest in carbon nanotubes for detecting the presence of pathogens arises because of developments in
chemical vapor deposition synthesis and progresses in biomolecular modification. Here we reported the
facile synthesis of multi-walled carbon nanotubes (MWCNTs), which functioned as immuno-, magnetic,
fluorescent sensors in detecting Vibrio alginolyticus (Va). The structures and properties of functionalized
MWCNTs were characterized by ultraviolet (UV), Fourier transform infrared spectra (FT-IR), X-ray
diffraction (XRD), vibrating sample magnetometer (VSM), magnetic property measurement system
(MPMS) and fluorescent spectra (FL). It was found that the functionalized MWCNTs showed: (1) low
nonspecific adsorption for antibody–antigen, (2) strong interaction with antibody, and (3) high immune-
magnetic activity for pathogenic cells. Further investigations revealed a strong positive linear relation-
ship (R¼0.9912) between the fluorescence intensity and the concentration of Va in the range of 9.0�102

to 1.5�106 cfu mL�1. Moreover, the relative standard deviation for 11 replicate detections of 1.0�
104 cfu mL�1 Va was 2.4%, and no cross-reaction with the other four strains was found, indicating a good
specificity for Va detection. These results demonstrated the remarkable advantages of the multi-
functional MWCNTs, which offer great potential for the rapid, sensitive and quantitative detection of Va
in fishery and environmental samples.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Vibrio alginolyticus (Va) is a Gram-negative straight rod marine
bacterium. It shows severe hazardous to aquatic animals such as

fish, shrimp and shellfish. Intake of Va contaminated seafood or
water also cause acute diarrhea even at very low concentration
[1–4]. Va infections not only pose a serious threat to human
health, but also cause widespread damage [5]. However, bacteria
at low concentrations are hard to detect and usually require long
induction times before further analysis. Currently, identification
and quantification of Va are generally based on the polymerase
chain reaction (PCR) and enzyme-linked immunosorbent assay
(ELISA). Though PCR provides high sensitivity, it requires precise
and expensive instruments. ELISA shows good specificity, sound
sensitivity and low cost, but it is time-consuming and tends to
result in false-positive signals because of nonspecific surface
interactions. Therefore developing rapid and sensitive method
for detecting Va is greatly needed.

Carbon nanotubes (CNTs) are composed of one-dimensional
cylindrical nanostructure. CNTs have attracted intensive attention
from chemists and biologists because of their physical properties,
including low density, high electrical conductivity, considerable

Contents lists available at ScienceDirect

journal homepage: www.elsevier.com/locate/talanta

Talanta

http://dx.doi.org/10.1016/j.talanta.2014.04.048
0039-9140/& 2014 Elsevier B.V. All rights reserved.

Abbreviations: MWCNTs, multi-walled carbon nanotubes; Va, Vibrio alginolyticus;
UV, ultraviolet; FT-IR, Fourier transform infrared spectra; XRD, X-ray diffraction;
FL, fluorescent spectra; PCR, polymerase chain reaction; ELISA, enzyme-linked
immunosorbent assay; CNTs, Carbon nanotubes; E. coli, Escherichia coli; S. aureus,
Staphyloccocus aureus; B. subtilis, Bacillus subtilis; S. mutans, Streptococcus mutans;
L. pneumophila, Legionella pneumophila; Va-Ab, specific Va antibodies; py, 1-
pyrenebutyric acid; MWCNTs-COOH, oxidized MWCNTs; Et3N, triethylamine; DMF,
N, N-dimethylformamide; NHS, N-hydroxysuccinimide; DCC, 1,3-dicyclohexyl-
carbo-diimide; PBS, phosphate-buffered saline; MES, 2-(4-morpholino)ethanesul-
fonic acid; SEM, scanning electron microscopy; VSM, vibrating sample
magnetometer; Ms, saturation magnetization; MPMS, magnetic property mea-
surement system; ddH2O, double distilled water

n Corresponding author.
E-mail address: nkcmliu@yahoo.com (Y. Liu).

Talanta 128 (2014) 311–318



porosity, and specific surface area etc. [6,7]. Thus, CNTs are considered
as promising materials for hydrogen storage, catalyst support, and
chemical sensors especially in life sciences [8–10]. For these applica-
tions, the protein bioactivity and stability, which is the major concern,
are well remained by protein-binding to CNT surface [11–13]. There-
fore CNTs have been viewed as the suitable vectors for protein
delivery and recognition in vitro and in vivo [14,15], solid-phase
extraction for isolating proteins [16] and cancer biomarkers [17].

Recently, many efforts have been made to futher explore the
ability of CNTs as bacterial filter or sensors. CNTs have been proved
to be a good absorbent for many bacteria with different sizes
and shapes, such as Escherichia coli (E. coli), Staphyloccocus aureus
(S. aureus), Bacillus subtilis (B. subtilis), Streptococcus mutans
(S. mutans) and Legionella pneumophila (L. pneumophila) [18–23].
Gutierrez's group also found that multi-walled carbon nanotube
(MWCNT) scaffold exhibits remarkable biocompatibility for E. coli,
which allows for bacteria immobilization and proliferation within
its micro-channel structure [24]. The biomolecule-CNT composites
have novel mechanical, biological, optical, electronic and magnetic
properties. They have been continually explored for the potential
applications in various fields including molecular electronics,
medical chemistry, and biomedical engineering [25]. In order to
further enhance the efficiency of bacteria purification, several bio-
separation strategies have been delicately applied for capturing
bacteria. Magnetic bio-separation is one of the kind [26,27].
Immuno-MWCNTs functionalized with ferromagnetic metal parti-
cles display good separation for E. Coli O157:H7 [28], and the
magnetic susceptibility and high bacterial affinity of CNT clusters
suggest their good potential as reagent for magnetic bio-separation
platform [29,30].

However, those functionalized CNTs exhibit unsatisfactory speci-
ficity toward certain bacterium species and yet have not achieved
quantitative analysis in complicated matrices by optical density.
Usually ELISA is well adopted to quantitatively monitor the Va
density. Because of its complicated protocol, the sensitivity of ELISA
color reaction is often compromised, thus failed to detect Va in low
density. Although the sensitivity of ELISA can be improved by green
fluorescent protein labeling technology, the cost is highly increased
and the protocol becomes more complicated, which makes it less
suitable for rapid analysis.

Here, we design a multi-functional MWCNTs based method to
achieve rapid, sensitive and specific detection of Va. Three major
modifications were made. First, in order to obtain highly specific
interaction with the target bacteria Va, antibody (Va-Ab) was
adopted. Thus selective separating and further preconcentrating
of Va was possible. Second, fluorescent reagent 1-pyrenebutyric
acid (py) was used to construct the report system. Py showed

advantages in two major aspects. On one hand, the changes of the
fluorescence intensity, as far as observed in this study, was linearly
related to the bacteria density. So the quantitative detection of Va
is possible [31]. On the other hand, the aromatic structure of py
molecule stabilized its conjugation to MWCNTs sidewall via strong
π–π stacking interaction. Also py facilitated the Va-Ab’s binding
toward MWCNTs [32]. Lastly, the MWCNTs scaffold were futher
grafted by poly(ethylene glycol) (PEG) which shows good affinity
with biopolymer [33]. PEG modification on MWCNTs reduced the
nonspecific adsorption of protein as well as enhanced the water
dispersing ability of MWCNTs. Besides, parts of the ferromagnetic
catalyst residues were retained in the MWCNTs during synthesis
and made it convenient for further purification by magnetic
separation. It is determined that the strategy of incorporating
antibody, the fluorescent component, as well as PEG in the
magnetic MWCNTs system showed high affinity toward Va, which
leads to fast detection with high sensitivity. The designed platform
is expected to detect the pathogen Va in real fishery food and
environmental samples.

2. Materials and methods

2.1. Reagents and materials

MWCNTs are from Nanotech (Shenzhen Nanotech Port Co., Ltd.,
Shenzhen, China). The Taq DNA polymerase, dNTP, 100 bp DNA
marker are purchased from Tiangen (Tiangen Biotechnology Com-
pany, Beijing, China). 16S rRNA gene is purchased from Sangon
(Shanghai Biology Public Health and Engineering Services Ltd.,
Shanghai, China). Agarose is purchased from Gene Tech (Shanghai
Gene Technology Technical Services Ltd. packaging, Spain). E. coli
DH5α strain, S. aureus strain, B. subtilis strain, and P. aeruginosa
strain were provided by College of Life Sciences, Nankai University.
Va strain and specific Va antibodies (Va-Ab) were provided by
Tianjin Fishery Institute. 1-Pyrenebutyric acid is purchased from
Sigma (Sigma Corporation, USA). All reagents used are of at least
analytical grade. Doubly de-ionized water (DDW, 18.2 MΩ cm)
obtained from a WaterPro water system (Labconco Corporation,
Kansas City, MO, USA) was used throughout the experiments.
Double distilled water (ddH2O) is prepared from DDW after
sterilization.

2.2. Syntheses of multifunctional MWCNTs-PEG-Py-Ab

The protocol of multifunctional MWCNTs-PEG-Py-Ab synthesis
is illustrated in Scheme 1. (a) The MWCNTs were suspended in

Scheme 1. The synthesis of multifunctional MWCNTs-PEG-Py-Ab (a) sonicated 2 h; (b) HNO3, 50 1C 5 h; (c) SOCl2, 70 1C 24 h; (d) PEG800, Et3N/DMF, Ar 50 1C 48 h; (e) NHS,
DCC/DMF, rt, 24 h; (f) sonicated 2 h; rt, 12 h; (g) Antibody, MES, in PBS solution, rt, 10 h.
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concentrated nitric acid, which was sonicated for 2 h in advance.
(b) The suspension was stirred at 50 1C for 5 h and cooled to room
temperature. Then, the oxidized MWCNTs (MWCNTs-COOH) were
washed repeatedly with DDW until the residual acid was com-
pletely removed, and dried under vacuum. (c) The MWCNTs-COOH
were dispersed in a solution of SOCl2 and stirred at 70 1C for 24 h.
The resultant MWCNTs-COCl were separated and dried under
vacuum. (d) A mixture of PEG800, triethylamine (Et3N) in anhy-
drous N,N-dimethylformamide (DMF), and the MWCNT-COCl was
stirred under Ar atmosphere at 50 1C for 48 h [34]. The resultant
solid (MWCNT–PEG) was separated, washed with DDW and DMF
sequentially, and dried under vacuum. (e) Py and N-hydroxysucci-
nimide (NHS) were dissolved in DMF. After cooling to 0 1C, 1,3-
dicyclohexylcarbo-diimide (DCC) was added to the solution and
the resulting mixture was stirred for 24 h. After filtration, the
filtrate was collected and taken to dryness on a rotary evaporator.
The resulting product was recrystallized from 95% ethanol [35].
(f) The purified product mixed with MWCNT–PEG dispersed in
anhydrous DMF was sonicated for 2 h at room temperature (rt)
and stirred for 12 h, then filtered through polytetrafluoroethylene
membrane and washed with DDW. (g) Sufosuccimidyl CNTs
phosphate-buffered saline (PBS) and Va-Ab were mixed in 2-(4-
morpholino)ethanesulfonic acid (MES) buffer (pH¼6.4). The mix-
ture was shielded from light and stirred for 10 h. The resultant
mixture was washed with DDW for several times, until no protein
was detected in elution. Finally, the product of multifunctional
MWCNTs-PEG-Py-Ab was obtained for further use.

2.3. Instrumentation and characterization

The morphology and microstructure of the multifunctional
MWCNTs and the image of Va cells bounding to MWCNTs-PEG-
Py-Ab are characterized by field-emission scanning electron
microscope (SEM, FEI Nova Nano, USA). The surface morphology
of several cells and the adsorption behavior of multifunctional
MWCNTs are recorded with an optical microscope (XSP-C104,
ChongQing Optical & Electrical Instrument Co., Ltd., China).
Absorption spectra were measured with a Shimadzu UV-3600
UV–vis spectrophotometer. The FT-IR spectra (4000–400 cm�1) in
KBr were recorded using a Magna-560 spectrometer (Nicolet,
Madison, WI, USA). The XRD pattern was recorded with a D/
max-2500 diffractometer (Rigaku, Japan) using CuKα radiation
(λ¼1.5418 Å). The magnetic properties of the materials were
measured on a LDJ 9600-1 vibrating sample magnetometer
(VSM, LDJ Electronics Inc., Troy, MI, USA). The temperature
dependence of the direct current magnetic susceptibility was
measured by MPMS-XL-7 (Quantum Design Magnetic Property
Measurement System, USA) magnetometer. PCR was performed on
TGradient Thermalblock (Whatman Biometra, Germany). The
results from agarose gel electrophoresis were recorded by
GDS8000 UV imager (UVtech, United Kingdom). The fluorescence
measurements were performed on an F-4500 spectrofluorometer
(Hitachi, Japan) equipped with a plotter unit in the fluorescence
mode with excitation wavelength at 330 nm. The fluorescent

spectra were recorded between 350 and 550 nm. The slit width
was 10 and 10 nm for excitation and emission, respectively. The
photomultiplier tube (PMT) voltage was set at 700 V.

2.4. Microscopic examination

E. coli, S. aureus, B. subtilis, P. aeruginosa, Va and the isolated
conjugate of Va with MWCNTs-PEG-Py-Ab were visualized by
crystal violet staining. After staining for about 1 min, the prepared
samples were observed by optical microscope.

2.5. Evaluation of the selectivity of MWCNTs-PEG-Py-Ab for
interactions between target and bacterial interferents by PCR
reactions

To a 10 mL of 10 mg L�1 MWCNTs-PEG-Py-Ab solution, 500 μL
Va and 500 μL E. coli (Lane 1), 500 μL Va and 500 μL S. aureus
(Lane 2), 500 μL Va and 500 μL B. subtilis (Lane 3), 500 μL Va and
500 μL P. aeruginosa (Lane 4) were added separately (see Fig. S1).
Another equivalent amount of Va was used as a negative control
(Lane 5). After incubating for about 20 min, the mixture was
placed in the magnetic separator for 10 min. After that, the
supernatant was carefully pipetted out. And then, the magnetic
precipitates were evaluated by PCR reactions after ddH2O washing.
The detailed reaction was described as follows. The PCR reaction
was carried out in a total volume of 20 μL containing 1 μL
template (Several conjugates were extracted from bacteria with
multifunctional MWCNTs and Va was served as a negative control),
0.4 μL of Taq DNA polymerase, 2 μL Taq reaction buffer, 1.6 μL
dNTP, 0.5 μL 16S rRNA upstream primer (50-AGAGTTTGATCCTG-
GCTCAG-30), 0.5 μL 16S rRNA downstream primer (50-GGT-
TACCTTGTTACGACTT-30), 14 μL ddH2O. The PCR reaction was
routinely performed with the following cycles: the PCR mixture
was denatured at 94 1C for 4 min, followed by 29 cycles of
denaturing at 94 1C for 45 s, annealing at 59 1C for 1 min, and
extending at 72 1C for 1 min; after 29 cycles, the reaction was
given additional extension at 72 1C for 5 min before terminating
the PCR at 4 1C. The PCR product was mixed with loading buffer
and resolved in 0.8% agarose gel electrophoresis. The gel was
stained with ethidium bromide, and the bands were visualized
under UV light equipped with a camera (GDS8000).

2.6. Measurement procedure

The process of the MWCNTs-PEG-Py-Ab sensor for Va detection
is illustrated in Scheme 2. To a 10 mL calibrated test tube, we
sequentially added 1.0 mL of 100 mg L�1 MWCNTs-PEG-Py-Ab
solution, 1.0 mL of PBS buffer (pH 7.4), and a standard Va solution
with given concentration. The mixture was then diluted to aimed
volume with ddH2O and mixed thoroughly. After adsorbing for
about 20 min at room temperature, the mixture was placed in a
magnetic separator for 10 min. The supernatant was carefully
pipetted out. And then the magnetic precipitate was diluted to
1 mL with ddH2O. With a series concentration of Va solution, the

Scheme 2. The MWCNTs-PEG-Py-Ab based selective recognization and capturing process for Va sensing and separation.
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fluorescence signal was measured with the excitation wavelength
of 330 nm. The slit widths of excitation and emission were 10 and
10 nm, respectively. The emission fluorescence intensity was
recorded at 402 nm (peak height).

2.7. Detection of Va in real samples

To evaluate the reliability of immunosensor, the MWCNTs-PEG-
Py-Ab immunosensor was used to quantify Va in fishery products
and fishpond water. Live shrimps purchased from a local market
were washed in distilled water for several times. The finely chopped
shrimp tissue was minced and homogenized in PBS buffer (weight:
volume¼1:10). The mixture was filtered to remove large debris.
Va was spiked into shrimp homogenate at 103–106 cfu mL�1. The
inoculated homogenate was applied to test. A sample of fishpond
water was also spiked with the same concentration of pathogens as
described previously.

3. Results and discussion

3.1. Characterization of multifunctional MWCNTs

To confirm the formation of MWCNTs-PEG-Py-Ab conjugates,
UV and FT-IR experiments were carried out. UV analysis showed
that MWCNTs-PEG-Py-Ab possessed strong absorption bands at
241 nm, 272 nm and 340 nm, all of which can be ascribed to py; as
well as at 280 nm which can be assigned to Va-Ab (Fig. 1a) [36].
The FT-IR spectra of MWCNTs and MWCNTs-PEG-Py-Ab, as shown
in Fig. 1b, further confirmed the modification of py and Va-Ab on
MWCNTs. The presence of characteristic peaks at 3330 and
645 cm�1 for stretching vibrations of C–H may be attributed to
the existence of py on the surface of MWCNTs. The final product
had Va-Ab, so a secondary amide can be detected. The character-
istic peaks were at 1540 cm�1 for the deformation vibration of
N–H, and at 1670 cm�1 for the stretching vibration of C¼O in
–CONHR. Also PEG functionalized the surface of MWCNTs via ester
group. Related characteristic peaks were at 1730 and 1094 cm�1,
for stretching vibrations of C¼O and C–O of the ester group,
respectively. In addition, the morphology study of the prepared
MWCNTs-PEG-Py-Ab was monitored by SEM. The globular struc-
tures, which are well believed as Va-Ab, were observed on the
wire-like MWCNTs (Fig. S2). The ferromagnetic properties of
MWCNTs are mainly attributed to the catalyst nanoparticles
embedded during MWCNTs synthesis through chemical vapor
deposition. The embedded catalyst magnetic nanoparticles in
MWCNTs are expected to be used in immuno-magnetic detection
of proteins or cells [37]. The XRD spectra confirmed the existence

of carbon and nickel metal (the catalyst residue) in the MWCNTs
after functionalization. Graphite (0 0 2), Ni (1 1 1), Ni (2 0 0) and
Ni (2 2 0) peaks from MWCNTs-PEG-Py-Ab were observed (see
Fig. S3a). The magnetic properties of MWCNTs-PEG-Py-Ab pre-
pared in the current study were evaluated using VSM. The
hysteresis loops of MWCNTs-PEG-Py-Ab measured at 300 K
showed ferromagnetic behavior, and their saturation magnetiza-
tion (Ms) is 1.4 emu g�1(see Fig. S3b). Fig. S3c indicated that the
MWCNTs-PEG-Py-Ab contained small amounts of paramagnetic
and ferromagnetic impurities. To estimate the concentration of
these impurities, direct current magnetic susceptibility was mea-
sured by MPMS-XL-7 magnetometer. We obtained 11.2 ppm mag-
netic impurities in the MWCNTs-PEG-Py-Ab [38].

The Kjeldahl method for nitrogen determination provides quan-
titative analysis for the loading of Va antibody (�6.44% nitrogen)
[39]. The average nitrogen content of protein is 16%, therefore
402 mg Va-Ab was immobilized onto MWCNTs per gram. The
loading capability of MWCNTs for Va-Ab is much higher than that
of other protein carriers. Since MWCNTs possess large specific
surface area and offer more binding sites to host proteins [40–42].

3.2. Optimization of detection conditions

As shown in Fig. 2a, the multifunctional MWCNTs showed
fluorescent emission peaks at 384 nm, 402 nm, and 423 nm, which
corresponding to the py moiety attached onto MWCNTs. The
fluorescent intensity of MWCNTs-PEG-Py-Ab remained stable and
was not affected by time (see Fig. 2b). When binding with Va, the
intensity of fluorescent emission was enhanced.

pH is an important factor in bacteria detection, also affects the
properties of CNT dispersing into aqueous phase. So we further
evaluated the effect of pH on enhanced fluorescent emission
caused by MWCNTs-PEG-Py-Ab interacting with Va. The results
indicated that the enhanced fluorescence intensity kept stable in
the range of pH 6.5–7.1, increased as the pH value elevated from
7.1 to 7.4 and then leveled off as pH value changed from 8.0 to 9.0.
These results revealed that the interaction between MWCNTs-
PEG-Py-Ab and Va was significantly pH-dependent (see Fig. 2c).
Taking both the enhanced fluorescence intensity and the bioactiv-
ities of antigen and antibody into consideration, pH 7.4 was chosen
for further experiments. As in Fig. 2d, ionic strength showed no
obvious influence on the enhanced fluorescence intensity, suggest-
ing that the hydrogen bonding of antigen–antibody interaction
was not affected by ionic strength in certain range. Under the
optimal detection conditions, the conjugates forming could be
observed. The straight rod bacteria (�2 μm) were captured by
antibody functionalized MWCNTs through antibody–antigen inter-
actions (Fig. S4).

Fig. 1. Spectra and morphology studies toward MWCNTs-PEG-Py-Ab and its binding behavior to Va. (a) UV spectra of py and MWCNTs-PEG-Py-Ab. (b) FT-IR spectra of
MWCNTs and MWCNTs-PEG-Py-Ab.
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3.3. Selectivity of MWCNTs-PEG-Py-Ab for Va

We used Gram-negative bacteria, E. coli and P. aeruginosa, and
Gram-positive bacteria, S. aureu and B. subtilis as interferents to

assess the selectivity of the MWCNTs-PEG-Py-Ab for Va. All of
the selected bacterial interferents are common pathogens in
nature water and fishery products. It was assumed that the
dispersing behavior of bacteria might be influenced after binding

Fig. 2. MWCNT-PEG-Py-Ab’s fluorescence properties. (a) Characterization of MWCNT-PEG-Py-Ab by fluorescent measurement. (b) Time dependent fluorescent emission of
the nanohybrids MWCNTs-PEG-Py-Ab. (c) Effect of pH on the fluorescent emission of the MWCNTs-PEG-Py-Ab with Va. (d) Effect of NaCl concentration on the fluorescent
emission of the nanohybrids MWCNTs-PEG-Py-Ab.

Fig. 3. Representative morphology profile of E. coli (a), B. subtilis (b), S. aureus (c), P. aeruginosa (d), Va (e) in the present of MWCNTs-PEG-Py-Ab, and Va (f) recorded by
optical microscope.
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to MWCNTs-PEG-Py-Ab because of the physical properties of
MWCNTs-PEG-Py-Ab. Therefore, morphology studies were per-
formed under optical microscope after crystal violet staining. It
was found that the surface morphology of bacterial interferents
was clear in the presence of MWCNTs-PEG-Py-Ab (Fig. 3a–d). As
well known, E. coli, B. subtilis, P. aeruginosa were straight slender
rods liked, and S. aureus was spherical shaped, all of which can be
observed individually and clearly. After treated with MWCNTs-
PEG-Py-Ab, none of these bacteria but Va showed changes in
features. Whereas for Va, when mixed with MWCNTs-PEG-Py-Ab,
only micelle-like clusters were observed (Fig. 3e) contrasting to
untreated cells (Fig. 3f). It was presumed that the binding of
Va with MWCNTs-PEG-Py-Ab was the main reason of cluster
formation.

To further confirm the specific binding between MWCNTs-PEG-
Py-Ab and Va, we used PCR reactions to detect 16S rRNA gene
fragments (1500 bp) from magnetic precipitates. We first treated
MWCNTs-PEG-Py-Ab with the mixture of Va and one of the other
four bacterial interferents mentioned above, and then did mag-
netic separation. The resulting magnetic precipitates were used in
PCR tests. From agarose gel electrophoresis, the 1500 bp band was
observed in each of the four magnetic precipitates. Thus showed
strong evidence that MWCNTs-PEG-Py-Ab and Va had specific bind-
ing, despite of the presence of bacterial interferents. Furthermore, the
intensity of the 1500 bp band was the same as Va alone as negative
control. This indicated that the efficiency of MWCNTs-PEG-Py-Ab
capturing Va was considerably high.

3.4. Figures of merit for the proposed MWCNTs-PEG-Py-Ab probe
based fluorescent detection of Va

The sensitivity of MWCNTs-PEG-Py-Ab as fluorescent probe for
Va was investigated. The emission fluorescence intensity of the
MWCNTs-PEG-Py-Ab at 402 nm was monitored to demonstrate the
concentration of Va. Under the optimal conditions, the fluoresn-
cence intensity of the MWCNTs-PEG-Py-Ab bioconjugate gradually
increased as the concentration of Va elevated (Fig. 4). Enhanced
fluorescence increased in a good linear relationship (R¼0.9912)
when concentrations of Va were low (from 9.0�102 to 1.5�
106 cfu mL�1). The linear regression equation was ΔF¼7.94�
10–4Cþ8.42 (where C stood for the concentration of Va in
104 cfu mL�1). A detection limit (3 s) of 2.8�102 cfu mL�1 Va was
achieved. The relative standard deviation (RSD) for 11 replicate
detections of 1.0�104 cfu mL�1 Va was 2.4%, which showed good
precision. Till now a new immuno fluorescence assay for Va
detection was preliminarily established.

Based on the above observations, the process of sensing Va
using MWCNTs-PEG-Py-Ab is summarized. Since MWCNTs contain
highly delocalized π electrons, the surface of MWCNTs can be
easily functionalized through π�π interactions with pyrene. In
this process, it is found that the photoexcited fluorophores are
quenched at a certain extent by MWCNTs [43]. Va in solution gets
close to and combines with the Va-Ab on the surface of MWCNTs-
PEG-Py-Ab via the antigen–antibody interaction. When the
bioconjugates MWCNTs-PEG-Py-Ab/Va formed, the quenched
photoluminescence of MWCNTs-PEG-Py-Ab is highly recovered.

3.5. Determination of Va in shrimp and fishpond water samples

The MWCNTs-PEG-Py-Ab based fluorescent probe was applied
to determine trace amount of Va in shrimp and fishpond water
samples. The analysis were performed both by MWCNTs-PEG-Py-
Ab immuno fluorescence assay and by commercially available
ELISA method simultaneously. The reliability of the newly devel-
oped method was valued. Different combinations of bacteria were
spiked and recovery analysis was pursued. As shown in Table 1,

the spiked shrimps samples were tested via our multifunctional
immunosensor assay and the recoveries and the corresponding
RSD were summarized. Va recovery was in the range of 89.4–94.0%
with RSD below 5.0% for the fishery samples, and in the range of
95.9–102.3% with RSD below 4.0% for the fishpond water. These
data comfirmed the reliability of this newly developed immuno
fluorescence assay involving MWCNTs-PEG-Py-Ab as detector.

Table 1
Analytical results for the determination of trace Va in real samples with the sensor
in this work and ELISA method.

Samples Spiked
(cfu mL�1)

Magnetic-fluoresces-
immuno sensor

ELISA

Recovery(%)
(mean7s, n¼3)

Recovery(%)
(mean7s, n¼3)

Shrimps 103 90.974.1% N/Aa

104 89.472.6% N/Aa

105 92.373.5% 86.175.4%
106 94.073.8% 92.976.2%

Fishpond water 103 95.973.1% N/Aa

104 99.472.7% N/Aa

105 102.372.0% 96.874.8%
106 98.071.8% 93.573.2%

a N/A means Va is not detected.

Fig. 4. Fluorescence analysis of MWCNTs-PEG-Py-Ab binding behavior with Va.
(a) Va concentration dependent FL emission of the synthesized MWCNTs-PEG-Py-
Ab. (b) Fluorescence response of MWCNT-PEG-Py-Ab to different concentrations of
Va in PBS (pH¼7.4) buffer.
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The results showed a good agreement between both analytical
methods, indicating that MWCNTs-PEG-Py-Ab system was reliable
for the simultaneous enrichment and practical for detecting viable
pathogenic bacteria Va presented in fishery food and environ-
mental samples.

3.6. Method comparison

When compared with widely adopted analytical methods for
pathogen detection such as PCR and ELISA, this immuno fluores-
cence assay involving MWCNTs-PEG-Py-Ab as detector showed
advantages in two aspects. On one hand, the MWCNTs-PEG-Py-Ab
method was more easily carried out and therefore consumes less
time. Integration of transducer and probe molecules enabled rapid
and convenient measurement of Va without using any other
reagent. The time required for fluorescent biosensors detection
was shortened to 0.5 h, which is at least 8 h less than that of PCR–
ELISA [44]. Contrast to expensive equipment used in PCR and loop-
mediated isothermal amplification, fluorescent detection is a
convenient, low cost and powerful technique, which has had
explosive developments and applications in the field of biochem-
istry in recent years.

On the other hand, the sensitivity was significantly enhanced
and the detection limit successfully reached 2.8�102 cfu mL�1,
however the detection limit of ELISA is 104–105 cfu mL�1 [45–47].
Since intake of Va contaminated fishery food or water, even at very
low concentraion, could cause acute diarrhea, the sensitivity of the
developed method is concerned. The comparisons between the
detection method established in this research and other conven-
tional immunological methods in literatures were summarized in
Table 2. As for the conventional immuno-fluorescent technique,
the detection limit is agreeable but it is difficult to avoid fussy
procedures, special expensive apparatus (flow cytometry), and
short-term preservation of stained specimens [61]. MWCNTs
offered more stable binding sites to host antibody than ordinary
polystyrene used in ELISA. During the coating process in ELISA, the

antibody combination to the surface of polystyrene is mainly by
hydrophobic interactions, which can be affected by the weight of
antigen protein, isoelectric point, concentration, etc. And the
coated antibody might also be washed away, thus comprise the
sensitivity. In MWCNTs-PEG-Py-Ab conjugates, Va-Ab was cova-
lently linked to py, which contributed to its high loading capability
of 402 mg g�1. The more antibodies immobilized onto MWCNTs,
the more binding sites were left to Va. In the meanwhile, the
bioactivity of antibody was intact. In a word, the MWCNTs
presented the advantages of high capacity and enhanced stability
in antigen loading. The resultant MWCNTs-PEG-Py-Ab well main-
tained the bioactivity of Va-Ab, and thus quantitatively analyzed
Va with low detection limit [62].

4. Conclusions

In summary, the multifunctional MWCNTs-PEG-Py-Ab were
designed for highly sensitive detection of Va. Comparing to ELISA,
adopting this immuno fluorescence sensor achieved much lower
detection limit (1000 times) and cost less analysis time (shorten
from at least 8 h to 30 min). Moreover, the relative standard
deviation for 11 replicate detections of 1.0�104 cfu mL�1 Va was
2.4%, and no cross-reaction with the other four strains was
observed, demonstrating a good acuracy and specificity for Va
detection. The results encourage us to make further efforts on such
studies and offer us promising insight into future development of
fast quantitative detection of pathogen Va.
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Table 2
Sensitivity comparison of chemical sensor method and biological method for pathogens.

Detection methods Probe Pathogens Detection limit
(cfu mL�1)

Refs.

Chemical sensor
method

Chemiluminescent array
based immunoassay

Ab-HRP array Escherichia coli, Salmonella 106–107 [48]

Flow-through
chemiluminescence
microarray

Ab-HRP array Escherichia coli, Salmonella typhimurium,
Legionella pneumophila

3�106 [49]

Immunomagnetic separation
ELISA

Magnetic bead-Ab Ab-HRP Salmonella 105–106 [50]

Chemiluminescent enzyme
immunoassay

Ab-HRP Escherichia coli, Yersinia enterocolitica,
Salmonella typhimurium, Listeria
monocytogenes

104–105 [51]

Fluorescent multianalyte
array biosensor

Ab-Cy5 Salmonella 8�104 [52]

Cyclic voltammetry agarose/nano–Au/Ab-HRP Vibrio parahaemolyticus 7.4�104 [53]
Quantum dots immunoassay Ab-QDs Escherichia coli, Salmonella Typhimurium 104 [54]
CNTs-based ELISA Ab/SWCNTs/HRP Salmonella 104 [55]
Electrochemical impedance
spectroscopy

Ab microfabricated electrode
array

Escherichia coli 104 [56]

Immunomagnetic separation
Fluorescent biosensor

MWCNT–PEG–Py–Ab Vibrio alginolyticus 2.8�102 This work

Biological method Dot blot immunoassay – Vibrio alginolyticus 107–108 [57]
ELISA – Vibrio alginolyticus 9.7�104 [45]
Indirect ELISA – Vibrio alginolyticus 104 [46]
Indirect ELISA – Vibrio alginolyticus 104 [47]
Loop-mediated isothermal
amplification

– Vibrio corallilyticus 3.6�104 [58]

Real-time PCR – Vibrio alginolyticus 103 [59]
Loop-mediated isothermal
amplification

– Vibrio alginolyticus 3.7�102 [60]
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Supplementary data associated with this article can be found in
the online version at http://dx.doi.org/10.1016/j.talanta.2014.04.048.
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