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Abstract
Enhanced chemiluminescence (ECL) detection can significantly enhance the sensitivity of
immunoassays but often requires expensive and complex detectors. The need for these detectors
limits broader use of ECL in immunoassay applications. To make ECL more practical for
immunoassays, we utilize a simple cooled charge-coupled device (CCD) detector combined with
carbon nanotubes (CNTs) for primary antibody immobilization to develop a simple and portable
point-of-care immunosensor. This combination of ECL, CNT, and CCD detector technologies is used
to improve the detection of Staphylococcal enterotoxin B (SEB) in food. Anti-SEB primary
antibodies were immobilized onto the CNT surface, and the antibody–nanotube mixture was
immobilized onto a polycarbonate surface. SEB was then detected by an ELISA assay on the CNT–
polycarbonate surface with an ECL assay. SEB in buffer, soy milk, apple juice, and meat baby food
was assayed with a LOD of 0.01 ng/mL using our CCD detector, a level similar to the detection limit
obtained with a fluorometric detector when using the CNTs. This level is far more sensitive than the
conventional ELISA, which has a LOD of ~1 ng/mL. Our simple, versatile, and inexpensive point-
of-care immunosensor combined with the CNT-ECL immunoassay method described in this work
can also be used to simplify and increase sensitivity for many other types of diagnostics and detection
assays.

The enhanced chemiluminescence (ECL) reaction is a widely used detection method for many
biological assays. ECL improves the sensitivity of immunoassays and has been used for
enzyme-linked immunosorbent assays (ELISA) detection of several microbial toxins (e.g.,
ricin has been detected in beverages with a sensitivity of 0.04 ng/mL1). ECL-ELISA has also
been used for the detection of fumonisin B1 in food samples with a limit of detection (LOD)
of 0.09 ng/mL, which is ~10 times more sensitive than that of colorimetric ELISA using the
same antibody and horseradish peroxidase (HRP) conjugate.2 Similarly, the ECL
immunoassay has been applied to the detection of botulinum type B neurotoxin with a LOD
of 0.39–0.78 ng/mL versus a LOD of 1.56 ng/mL for colorimetric ELISA.3 An ECL assay
where ruthenylated antibodies were used for the detection of the ricin achieved a LOD of 0.05
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ng/mL, which is 10 times more sensitive than colorimetric ELISA utilizing the same pair of
antibodies with an alkaline phosphatase conjugate for signal generation.4

In these and other studies, the LOD of ECL for microbial toxins is generally in the range of
~0.09–0.4 ng/mL. However, in order to achieve this range of ECL detection in ELISA assays,
relatively complex and expensive fluorometric- or electrochemical-based detectors found
mainly in research settings are required. These detectors might be an impediment to broader
applications of the ECL technology and the realization of its potential in assay applications
especially in clinical, food analysis, and point-of-care settings.

A common approach to enhancing ECL is to increase the signal strength and duration by
utilizing the HRP enzyme tethered to a ligand (e.g., antibody, oligonucleotide, aptamer, etc.).
5–7 The short-lived nature of peroxidase substrates has been a drawback for ECL detection,
so new chemiluminescent substrates for peroxidase that glow stably for long periods of time
(e.g., more than 9 h) have enabled sensitive ECL detection.8,9 The longer illuminination times
for chemiluminescence have been used for a variety of membrane-based molecular biology
methods (e.g., Southern blot, Western blots, etc.). It can be measured by fluorometers, but it
is also ideal for use with charge-coupled device (CCD) detectors because they can be exposed
to the ECL illumination for long periods of time with low levels of background noise to achieve
high signal to background (S/B) ratios.

An alternative ECL chemistry is based on ruthenium(II) trisbipyridal chelate (Ru(bpy)2+3-
labeled reporter antibodies. ECL can be evoked from the Ru(bpy)3(2+)-tagged reporter
antibodies by application of an electrical potential. Unlike the enzymatic HRP-based ECL
detection, Ru detection is not enzymatic. This may simplify the ECL assay; however, the
application of an electrical potential needed for a Ru-based ECL detection approach requires
integrated electrodes (e.g., screen-printed carbon ink or Au electrodes) on the bottom of the
plate wells and a dedicated ECL plate reader to apply the electrical potential. This significantly
complicates the detector for Ru-based ECL detection, in contrast to HRP-ECL detection, which
utilizes a more conventional fluorometer.

Recently, carbon nanotubes (CNTs)10 have attracted interest for enhancement of biodetection
because of their unique mechanical and electronic properties combined with a large specific
surface area. CNTs have been primarily used for their electronic properties in electrochemical-
based detection11–16 and for the development of various types of transistors.17–23 Although
CNTs have very useful properties for biodetection, including a large specific surface area for
antibody immobilization and low absorption in the visible range, there has been little use of
CNT to enhance ELISA and other optically based assays.

In determining the applicability of these various techniques for biodetection, especially in food
safety, a good model toxin system is Staphylococcal enterotoxins (SEs). SEs are a group of 19
(known) heat-labile toxins implicated in several illnesses including food-borne diseases and
are also recognized as potential bioweapons.24–27 Many pathogenic Staphylococcus aureus
strains generally contain several SE genes.28–31 Foods are often tested for SEs, in particular
Staphylococcal enterotoxin B (SEB), as they are a significant cause of food poisoning. Food
testing is often complicated by the presence of an inhibitor in the samples. Also, they may
contain unrelated cross-reacting materials, which may bind with the antibodies used for
detection, leading to false positive results. Such interfering factors vary with food types, and
may affect the accuracy of assays. However, SEs have been successfully assayed
immunologically using ELISAs,32 which generally use optical detection with LODs in the 0.1–
10 ng/mL. Typical levels of detection for commercial colorimetric ELISA systems are from
0.5 to 2 ng/g of food.33–38
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Many methods for SE detection have also been developed based on biosensors.39–53 A real-
time immunoquantitative PCR method has been developed for the detection of SEB, which
consists of immunocapture of the SEB and then real-time PCR amplification of a DNA probe
linked to the detection antibody. This method has a LOD of 10 pg mL–1, which is 1000 times
more sensitive than the in-house ELISA used.54 Piezocantilevers have also been used to detect
SEB with a LOD of 12.5 pg/mL,55 while microcantilever-based methods have demonstrated
the best-ever sensitivity reported, down to 2.5 fg/mL.56

To realize the potential of CNT for immunological detection assays, we combined three
detection elements: (1) the CNTs for primary antibody immobilization, (2) ECL for light signal
generation, and (3) a simple cooled CCD detector to sensitively measure the chemiluminescent
signal. In this system, anti-SEB primary antibodies were immobilized onto the CNT surface
through electrostatic adsorption, and then the antibody–CNT mixture was immobilized onto a
polycarbonate surface. The SEB was then detected by a “sandwich-type” ELISA on the CNT–
polycarbonate surface. Initially, the effect of CCD exposure time on detection is investigated.
Then, the sensitivity of the new CNT-ECL immunoassay method is evaluated for use in food
testing by assaying buffer, soy milk, apple juice, and meat baby food spiked with SEB. Finally,
the effects of partial purification using carboxymethylcellulose (CM) on the assay background
were investigated.

MATERIALS AND METHODS
Reagents and Chemicals

Reagents—SEB, rabbit anti-SEB affinity purified IgG, and peroxidase (HRP) conjugated
anti-SEB IgG were purchased from Toxin Technology (Sarasota, FL). Single-walled CNTs
were obtained from Carbon Solutions Inc. (Riverside, CA). Poly(diallyldimethylammonium
chloride) polymer (PDDA), o-phenylenediamine dihydrochloride (OPD), and CM were
purchased from Sigma-Aldrich (St. Louis, MO). Immun-Star HRP Chemiluminescence Kit
was obtained from Bio-Rad (Hercutes, CA). All other reagents were of analytical grade, and
deionized water was used throughout. The food used for the analysis (soy milk, apple juice,
and meat baby food) were purchased from a local grocery store.

Materials for the fabrication of the 9-Well Sample Chips—Clear 0.25-mm
polycarbonate film and ⅛-in. black acrylic were obtained from Piedmont Plastics (Beltsville,
MD).

Preparation Equipment—Fisher (FS-14) sonicator was obtained from Fisher Scientific
(Pittsburgh, PA), Beckman minicentrifuge was obtained from Beckman (Fullerton, CA).

Preparation of the Immunosensor
Carbon Nanotube Preparation—The CNTs (30 mg) were first shortened and oxidized by
mixing with concentrated sulfuric acid and nitric acid mixture (3:1 v/v) and sonicating with a
Fisher (FS-14) sonicator for 6 h followed by extensive washing in water (100 mL) until
neutralized (pH 7.0). Then the CNTs were dispersed in 100 mL of 1 M NaOH solution for 5
min to achieve net negative charged carboxylic acid groups and washed with water (100 mL).

Antibody Functionalization—A linker molecule to the carbon nanotube was used.57

PDDA is positively charged and SEB antibody is negatively charged, so antibodies are
electrostatically adsorbed onto the carbon nanotube. The positively charged polycation was
adsorbed by dispersing the CNT in 50 mL of 1 mg/mL PDDA containing 0.5 M NaCl for 30
min followed by centrifugation (10 000 rpm in a Beckman centrifuge for 15 min) and washed
with 100 mL of water.
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CNT Functionalization—The CNTs were functionalized by dispersing in a rabbit anti-SEB
IgG phosphate buffer solution (20 mM, pH 8.0) at a concentration of 0.01 mg/mL for 1 h at
room temperature, so that the antibody was adsorbed onto the CNT surface. After
centrifugation (15 min) and washing extensively with water (10 mL), the modified CNT was
stored at 4 °C in pH 8.0 phosphate buffer at a concentration of ~1 mg/mL for no more than
two weeks before use.

Fabrication of the Immunosensor—The 9-well sample chips used for the immunosensor
were designed in CorelDraw11 (Corel Corp., Ontario, Canada) and micromachined in ⅛-in.
black acrylic using a computer-controlled laser cutter Epilog Legend CO2 65W cutter (Epilog,
Golden, CO). Before cutting, both sides of the acrylic sheet were coated with 3 M 9770 adhesive
transfer double-sided tape (Piedmont Plastics, Beltsville, MD). The wells were then cleaned
using Versa Clean (FisherBrand, Pittsburgh, PA) and washed with MilliQ water before being
dried with air. The reaction solution was then added to the top of the sample wells and the top
was sealed.

SEB Assays
The immunosensor fluorescence was measured using a standard 96-well plate and a plate
reader. One tablet of OPD was dissolved in 20 mL of phosphate buffer (20 mM, pH 7.4) for
use as a substrate solution. Before optical detection, hydrogen peroxide (0.01 mL) was added
to the substrate solution to a final concentration of 1 mM, and 100 μL of the resulting solution
was added to each well of the microtiter plate. Immunosensor assay strips were immersed into
the solution. After 5 min, the fluorescence emission at 570 nm was read using excitation at 400
nm.

For the CCD-ECL assay, 15 μL of antibody-modified CNT solution was dropped into the wells
of a 9-well sample chip, which were then dried and rinsed with 2 mL of washing buffer (20
mM phosphate buffer, pH 7.4) for 5 min to eliminate any loose or partially immobilized CNTs.
The CNT–antibody modified wells were then blocked with 1% BSA for 30 min and incubated
with different concentrations of SEB using 15 μL of phosphate buffer solution (20 mM, pH
8.0) buffer for 45 min. After washing again in 2 mL of phosphate buffer, the immunosensor
coated with antibody–antigen complex was exposed to HRP-conjugated antirabbit IgG (15
μL, 0.01 mg/mL) in buffer for 1 h. This was followed by 3 more cycles of washing with 2 mL
of phosphate buffer.

ECL was achieved by adding 7 μL of ECL buffer (mix the two solutions from the
Chemiluminescent Kit in a 1:1 volume ratio) into each well, and the ECL intensity was
measured immediately. In the presence of HRP (bound to the secondary antibody), luminol in
the ECL reagents will reduce hydrogen peroxide, which emits light as it returns to its basal
state and is detectable using a CCD.

Control experiments without CNTs were performed with modified immunosensors. Fifteen
microliters of 1 mg/mL PDDA containing 0.5 M NaCl was dropped onto the tip of a
polycarbonate strip or wells, incubated for 1 h, and then washed and dried. Fifteen microliters
of rabbit anti-SEB IgG solution (pH 8.0) was applied onto the strip in order to adsorb the IgG
onto the strip. After 1 h, the immunosensor was blocked with BSA, incubated with SEB and
then with HRP conjugated antirabbit IgG as described above.

ECL Detection
Fluorescence measurements were performed with a Spectramax M5 plate reader. For the CCD-
based detection, a simple cooled CCD detector was used, as shown schematically in Figure 1.
The CCD detector consists of an enclosure and an Atic-16 cooled CCD camera or SXVF-M7
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camera (Adirondack Video Astronomy, Hudson Falls, NY). Both cameras employ a Sony
ICX-429ALL with 752 × 582 pixel CCD and are equipped with a 5-mm extension tube and a
12-mm Pentax f1.2 lens (Spytown, Utopia, NY). Although the system includes an optical
fluorescence detection module to duplicate the capabilities of the plate reader, it was not
necessary for ECL detection.

The CCD image intensities were quantified and analyzed using ImageJ software, developed
and freely distributed by NIH (http://rsb.info.nih.gov/ij/download.html). To measure the signal
from each well, a circle 20 pixels in radius (1250 pixel area) was used as a uniform region of
interest, which covers roughly 75% of the surface of each well of the chip. The signal for the
individual wells was calculated as average of the intensity values of the respective pixels. The
value obtained with a concentration of 0 ng/mL SEB was defined as background. The ratio of
the signal to background (S/B) ratio was then used to quantify the SEB concentration. The data
were then imported into Microsoft Excel (Microsoft, Redmond, WA) for further manipulation.

Food Sample Analysis
Food Sample Spiking—To spike samples of soy milk and apple juice, 1 mL of sample was
transferred directly to a 2-mL centrifuge tube and different concentrations of SEB were added.
For the meat baby food, 1 g of food sample was transferred to a centrifuge tube, and then buffer
and different concentrations of SEB were added. The matrix–toxin was incubated for 30 min.

Cation Exchanger Carboxymethylcellulose for Partial Sample Purification—To
detect SEB in food samples, partial sample purification was used to help reduce assay
background by reducing the cross-reaction of the antibodies with other components of the food
matrix.58,59 In order to establish a widely applicable assay for different foods, the new CNT-
ECL immunoassay method was tested in food samples with and without partial toxin
purification using the cation exchanger CM.60 To prepare CM for ~100 purification assays, 1
g of CM was equilibrated with 20 mL of loading buffer (loading buffer, 5 mM NaPO3, pH 5.7)
until the gel was swollen and then centrifuged at 4000 rpm for 2 min. After centrifugation, the
gel was allowed to settle, the buffer was removed, and the CM was washed twice with 20 mL
of loading buffer followed by centrifugation as above. After the removal of the buffer in the
last centrifugation, loading buffer was added to a final volume of 20 mL. The equilibrated CM
was stored at 4 °C before use.

Sample Preparation—The tubes containing the spiked food samples were vortexed briefly,
centrifuged at 14 000 rpm for 2 min, and the resulting supernatant solution transferred into a
fresh tube. Loading buffer was added into the supernatant solution to reach a sample volume
of 1 mL. The sample (400 μL) was mixed with 200 μL of equilibrated CM and vortexed for
30 min, which was following by centrifugation at 14 000 rpm for 2 min, and the soluble material
was removed. The material left at the tube was then washed 3 times by repeatedly adding
loading buffer and centrifuging. Finally, 100 μL of elution buffer (50 mM NaPO3, pH 6.5; 50
mM NaCl) was added to the matrix, the tubes were centrifuged, and the eluted material was
collected for immunoassay.

RESULTS AND DISCUSSION
To simplify ECL detection and to decrease the LOD for SEs, we evaluated the potential of
CCD-based detection of ECL using the CNTs functionalized for the detection of SEB. As
previously discussed, SEB primary antibodies were immobilized onto a CNT surface through
electrostatic adsorption, and then the antibody–nanotube mixture was immobilized onto a
polycarbonate surface of a 9-well chip. SEB was then detected by a “sandwich-type” ELISA
assay on the CNT–polycarbonate surface using an ECL assay detected by the simple cooled
CCD detector shown in Figure 1.
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Detection of SEB with the New CNT-ECL Immunoassay Method
To optimize the CCD exposure time for the light-emitting properties of ECL substrate and
demonstrate that light emission can occur for long periods of time in our assay, the effect of
the CCD exposure on the signal of the CCD-ECL was investigated using the sandwich-type
ELISA assay with 1 ng/mL SEB.

In these experiments, the primary antibody was immobilized onto the CNTs prior to the
performance of the assay. The analysis time for these assay are as follows: a 45-min incubation
time with the SEB sample followed by a brief washing, and then a 1-h incubation time with
the secondary antibody labeled with HRP–antibody followed by addition of the ECL reagents
and 20 min of exposure. The total amount of time for the assay is ~2 h. The other assays used
(fluorescence and chemiluminescence detected by a plate reader) also used the same incubation
time.

As shown in Figure 2, the light is initially emitted at a very high rate, as evidenced by the
increase in the S/B ratio when the exposure time is increased from 1 to 10 min. However, after
20 min, the rate starts to level off relative to the background noise and reaches a steady-state
value with relatively little increase in S/B ratio between 20 to 30 min. For ECL detection, we
used a 0 ng/mL SEB sample to determine the background and a S/B ratio of 2 to determine the
LOD.

To determine the assay sensitivity, the new CNT-ECL immunoassay method was tested for
detection over a range of SEB concentration using a sandwich-type ELISA assay. In this
experiment, various amounts of SEB (0–50 ng/mL) in buffer were added to a 9-well plate with
CNT immobilized rabbit anti-SEB IgG. As shown in Figure 3, the intensity of the signal
increased with the increase of SEB concentration.

The signal from the three-assay format increases with SEB concentration; as shown in Figure
4, the CNT-ECL immunoassay (a) showed a linear response with SEB concentrations ranging
from 0.01 to 10 ng/mL. The control immunosensor without CNT (b) exhibited both lower
sensitivity and a narrower linear range 0.1–5 ng/mL. These results suggest that the CNTs
enhance SEB immunodetection by as much as 7-fold.

Assay Reproducibility
To evaluate the reproducibility of the immunosensor, a series of five surfaces with immobilized
CNTs were prepared for the detection of 1 ng/mL SEB. The relative standard deviation (RSD)
of measurement for the five at any given exposure time was ~6%, suggesting that the assay is
reproducible in the tested conditions. The RSDs can be seen in Figure 2. Similar reproducibility
experiments were preformed for all of the measurements and yielded similar RSDs, indicating
that the reproducibility of the assay is independent of the concentration of SEB as well as
exposure time.

Comparison between Various Detection Methods for CNT-Based Assay
Several methods for HRP detection were compared using the CNT-based assay, including
chemiluminescence detected by the point-of-care CCD, chemiluminescence detected by a
standard plate reader, and fluorescence detected by the plate reader using OPD as a substrate.
Once again, CNT-ECL detection was obtained using a sandwich-type ELISA assay, where
SEB was first bound to the anti-SEB primary antibody immobilized on the CNT surfaces
followed by binding of the HRP-labeled secondary antibody and HRP assay detection. Figure
5 shows the results from these experiments. Chemiluminescence (a and b) exhibits higher
sensitivity than fluorescence detection (c). Chemiluminescence detected by the plate reader (a)
and the CCD detector (b) achieved a lower LOD of 0.01 ng/mL, although the S/B ratio values
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for the plate reader (a) were higher than for the CCD detector (b). The fluorescence detected
by the plate reader using OPD as a substrate (c) achieved a LOD of only 0.1 ng/mL, suggesting
that chemiluminescence detection is 1 order of magnitude more sensitive than the commonly
used OPD-based fluorescence detection. While the plate reader provides a better S/B ratio, it
is not more sensitive, and is also more expensive, complex, and not portable.

Application of CNT-Based Assay for Detection of SEB in Food Samples
SEB-spiked soy milk samples partially purified with CM and the eluted material were analyzed
with the CNTECL immunoassay detected by the point-of-care immunosensor. A serial dilution
of SEB in H2O was used as a standard solution control. As seen in Figure 6A, all SEB
concentrations of unpurified sample (a) gave higher signals compared to the SEB control
solution (b), suggesting some nonspecific adsorption of non-SEB proteins present at the soy
milk sample. For lower concentrations of SEB, the control (b), and the CM-purified samples
(c) the signals were similar, at higher SEB concentrations of the CM purified material, the
signal was lower the than the SEB control solution (b), suggesting that SEB recovery especially
at higher concentration of SEB was reduced by ~15%.

SEB spiked apple juice (Figure 6B) and meat baby food (Figure 6C) exhibited results similar
to that of the soy milk. The new CNT-ECL immunoassay method is able to detect SEB at a
variety of concentrations in both apple juice (panel B) and meat baby food (panel C). In both
cases, the purified sample (c) exhibits a lower signal than the unpurified material (a), suggesting
that the partial purification has removed some cross-reacting materials from the samples. Also,
the signal was more consistent with the control (b) at lower concentrations than the unpurified
material (a), and at higher concentrations the signal was slightly lower than the control
indicating a greater loss of SEB during CM purification.

CONCLUSIONS
A new CNT-ECL immunoassay has been developed with CCD detection that is simpler and
can be multiplexed more easily than ECL-ELISA, which utilizes photodiodes and
photomultipliers for point detection as well as special assay plates with electrodes in the
measuring wells. The new method is more sensitive than the same assay with fluorescence
detection (Figure 5) enabling detection of 0.01 ng/mL SEB. This low LOD may enable
improved detection of SEB in food and for clinical diagnostics, as well as decreasing the sample
size needed for SEB detection assays. We have demonstrated that the new CNT-ECL
immunoassay method increases the level of SEB detection (Figure 4), including using either
a conventional sandwich-type ELISA assay or a regular optical detector (Figure 5) and
detection in food samples (Figure 6).

The ECL substrate used in our assay enables long periods of light emission (Figure 2), and the
CCD-based detection can take advantage of this by using longer exposure times. This
combination achieves highly sensitive detection levels (Figure 3) with relatively simple and
inexpensive equipment (Figure 1). The LOD of our system, 0.01 ng/mL, seems to be far more
sensitive than the reported sensitivity for colorimetric ELISA systems and for most reported
ECL-ELISA assays. In addition, unlike previous work, which detects ECL using complex and
expensive fluorometric or electrochemical-based detectors, our assay method utilizes a
relatively simple and inexpensive cooled CCD detector, which has the possibility of broadening
the application of ECL for biodetection and the realization of its full potential. The CCD-based
detection used here combined with 9-well sample chips reduces the amount of reagents needed:
less than 10 μL of sample is needed for ECL detection compared to 50–100 μL needed for
ELISA. The simple, relatively inexpensive, and versatile point-of-care immunosensor
combined with sensitive CNT-ECL immunoassay makes this system practical for point-of-
care diagnostics and for reducing global health inequities.
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Figure 1.
CCD detector for the point-of-care immunosensor. (A) A schematic configuration of the
detector, (B) a photograph of the actual detection platform, and (C) actual nine wells sample
chip: plastic enclosure,1 Atic-16 CCD camera.2 A 5-mm extension tube3 is attached to the 12-
mm Pentax f1.2 lens.4 A black acrylic shelf box5 was designed to hold the sample chip6 and
flurocence illumination module, which was not used in this work.7
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Figure 2.
Effect of exposure time on the signal generated by 1 ng/mL SEB during the ECL experiment.
Error bar, SD (n = 3).
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Figure 3.
Immunoassay based on CNT-ECL with different concentrations of SEB detected by the CCD
detector (in ng/mL): (1A) 50, (1B) 10, (1C) 5, (2A) 1, (2B) 0.5, (2C) 0.1, (3A) 0.05, (3B) 0.01,
and (3C) 0. Exposure time, 20 min.
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Figure 4.
Calibration curve of the immunoassay to different concentration of SEB with CNT (a) and
without CNT (b). Error bar, SD (n = 3).
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Figure 5.
Calibration curve of the immunoassay to different concentrations of SEB based on CNTs with
different detection methods. (a) Chemiluminescence detected by the plate reader; (b)
chemiluminescence detected by the CCD detector; (c) fluorescence detected by plate reader
using OPD as substrate; Error bar, SD (n = 3).
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Figure 6.
Detection of SEB in soy milk (A) apple juice (B) and baby food (C) with the immunosensor
based on CNT. (a) Food without CM purification, (b) standard SEB solution, and (c) with CM
purification. Error bar, SD (n = 3).
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