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A new sandwich-type electrochemical immunoassay for ultrasensitive detection of staphylococcal
enterotoxin B (SEB) in food was developed using horseradish peroxidase-nanosilica-doped multi-
walled carbon nanotubes (HRPSICNTSs) for signal amplification. Rabbit polyclonal anti-SEB anti-
bodies immobilized on the screen-printed carbon electrode (SPCE) and covalently bound to the
HRPSICNTs were used as capture antibodies and detection antibodies, respectively. In the
presence of SEB analyte, the sandwich-type immunocomplex could be formed between the
immobilized anti-SEB on the SPCE and anti-SEB-labeled HRPSICNTs, and the carried HRP could
catalyze the electrochemical reduction of H,O, with the help of thionine. The high content of HRP in
the HRPSIiCNTs could greatly amplify the electrochemical signal. Under optimal conditions, the
reduction current increased with the increase of SEB in the sample, and exhibited a dynamic range
of 0.05—15 ng/mL with a low detection limit (LOD) of 10 pg/mL SEB (at 30). Intra- and interassay
coefficients of variation were below 10%. In addition, the assay was evaluated with SEB spiked
samples including watermelon juice, soymilk, apple juice, and pork food, receiving excellent
correlation with results from commercially available enzyme-linked immunosorbent assay (ELISA).
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INTRODUCTION

The analysis of foods to assess the presence of both biological
(pathogenic bacteria) and chemical contaminants is a practice of
crucial importance for ensuring food safety and quality (Z, 2).
Conventional bacterial testing methods rely on specific micro-
biological media to isolate and enumerate viable bacterial
cells in food (3), while the majority of chemical contaminants are
commonly analyzed using separation techniques coupled to
various detectors such as gas chromatography-flame ionization
detector (4), gas chromatography—mass spectrometry (95), gas
chromatography-electronic capture detector (6), high performance
liquid chromatography—ultraviolet rays (7), high performance
liquid chromatography-fluorescence detection (8), high performance
liquid chromatography—mass spectrometry (9), and surface-
enhanced Raman scattering (/0). Despite many advances in
this field, it is still a challenge to explore new approaches and
strategies for the improvement of detection sensitivity in low-
concentration food analysis (11 —14).

Electrochemical immunoassays and immunosensors, based on
the antigen—antibody interaction, have recently attracted con-
siderable interest because of their high sensitivity, low cost, and
inherent miniaturization (/5—17). To achieve a high sensitivity,
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different labeled methods and technologies have been employed
for the signal amplification of antigen—antibody interaction,
such as metal nanoparticles (nanogold and nanosilver) (I8),
semiconductor nanoparticles (/9), enzyme-loaded carbon
nanotubes (20), and electroactive component-loaded nano-
vehicles (silica nanoparticle, polymer beads, and liposome
beads) (21 —24). The Ju group reported a highly sensitive electro-
chemical immunosensor for detection of microcytin-LR with a
LOD of 30 pg/mL using functionalized single-walled carbon
nanohorns as trace labels (/8). Pividori and his colleagues
designed a rapid and sensitive electrochemical magneto genosens-
ing for determination of food pathogenic bacteria using the
double-tagged amplicon (25). The highlight of this method is to
directly monitor the concentration of Salmonella sp. at a LOD of
1.0 CFU/mL without any pretreatment. Moreover, the LOD
could further decrease to 0.04 CFU/mL if the sample was pre-
enriched for 6 h. The enormous signal enhancement associated
with the use of nanomaterial labels and the formation of
nanomaterial—antibody—antigen assemblies provided the basis
for ultrasensitive electrochemical detection of food-related con-
taminants.

For the successful development of electrochemical immunoas-
says, signal amplification and noise reduction are very crucial for
obtaining low detection limits. Carbon nanotubes (CNTs) with
high surface area-to-weight ratio, excellent mechanical proper-
ties, and fast electron-transfer capabilities have been extensively
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explored in electroanalytical chemistry (26 —28). However, CNTs
were usually employed as an immobilized material for the
fabrication of biosensors/immunosensors. Recently, the Jiang
group (29) and the Ju group (I8) investigated the applications
using functional CNTs as labels for ultrasensitive electrochemical
immunoassays. The nanolabels were easily prepared by non-
covalent modification or covalent conjugation with antibodies.
Moreover, the Wang group also demonstrated that a CNT with
1 um length could conjugate about 9,600 enzyme molecules (30).
In these methods, the biomolecules were usually immobilized on
the surface of CNTs, however. It is practicable that bioactive
enzyme molecules are doped into the CNTs. As so, the func-
tionalized CNTs inside and outside the CNTs contain hundreds
to thousands of enzyme molecules. Using the functional CNTs as
labels, the electrochemical signal might be enhanced.

Staphylococcal enterotoxin B (SEB) is an exotoxin produced
by Staphylococcus aureus (31). It is one of the toxins responsible
for staphylococcal food poisoning in humans and has been
produced by some countries as a biological weapon (32). Thus,
there is a need for the development of validated analytical
methods for rapid and cost-effective screening of SEB on a large
scale and at low concentration levels. Currently, a wide range of
methods are available, ranging from liquid chromatography
coupled to mass spectrometry to rapid methods based on im-
munological principles (33—35). It is predicted that techniques
involving novel nanoparticle labels may become one of the main
trends in the near future. To the best of our knowledge, there is no
report focusing on the electrochemical immunoassay of SEB in
food using enzyme and nanosilica-doped carbon nanotubes for
signal amplification of electrochemical immunoassay. Herein, we
synthesized a horseradish peroxidase-nanosilica-functionalized
multiwalled carbon nanotube (HRPSICNT) to label anti-SEB
antibodies, which were used as detection antibodies for ultrasensitive
electrochemical immunoassay of SEB in food on the anti-SEB/
nanogold,/thionine-coating screen-printed carbon electrode (SPCE).
With sandwich-type immunoassay format, the formed immuno-
complex was measured relative to the H,O,—PBS system with a
thionine-mediated electron transfer process. The reduction current
increased with the increment of SEB in the sample. The aim of this
work is to exploit an advanced nanomaterial label for ultrasensitive
electrochemical detection of low-concentration biocompounds in
food.

MATERIALS AND METHODS

Materials and Chemicals. Rabbit polyclonal anti-staphylococcal
enterotoxin B antibody (anti-SEB, fractionated antiserum, lyophilized
powder), staphylococcal enterotoxin B from Staphylococcus aureus (SEB,
<0.25% staphylococcal enterotoxin A), thionine acetate salt (dye content
~90%), bovine serum albumin (BSA, lyophilized powder, ~66 kDa) and
horseradish peroxidase (HRP, essentially salt free, lyophilized, ~100 units/
mg, EC: 1.11.1.7) were purchased from Sigma-Aldrich (St. Louis, MO). 10
nm gold colloids were synthesized according to our previous protocol (36).
Multiwalled carbon nanotubes (CNTs, CVD method, purity >98%,
diameter 60—100 nm, and length 1—2 um) were supplied by Shenzhen
Nanoport Co. Ltd. (Shenzhen, China). Tetramethoxysilane (TEOS), N-(3-
dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (EDC), and N-
hydroxysulfosuccinimide sodium salt (NHS) were obtained from Sigma-
Aldrich. Cyclohexane, n-hexanol, and ammonium hydroxide (25%, w/w)
were purchased from Merck (Darmstadt, Germany). All other reagents were
of analytical grade and were used without further purification. Ultrapure
water obtained from a Millipore water purification system (=18 MQ, Milli-
Q, Millipore) was used in all assays. 0.1 M acetic acid buffered saline (ABS,
pH 5.5) was prepared by mixing the stock solutions of NaAc and HAc, and
0.1 M KCl was added as the supporting electrolyte. A buffer solution (PBS)
of 0.1 M NaH,POy, containing 0.1 M KCI was prepared, and the pH (pH
3.5—-8.5) was adjusted with additional Na,HPO, solution.
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Synthesis of HRP-Nanosilica-Doped CNTs (HRPSiCNTs).
Prior to experiment, the shortened carboxylate CNTs were prepared as
follows (/8): The multiwalled carbon nanotubes were initially sonicated in
amixture solution containing H,SO4 and HNO; (3:1, v/v) for 4 h, and then
the mixture was filtered and washed repeatedly with water until pH was
about 7.0. During this process, the long CNTs were shortened, the metallic
and carbonaceous impurities were removed, and carboxylate groups were
generated on the CNT surface (18).

Next, the shortened carboxylate CNTs were used for the preparation of
HRPSICNTs at room temperature (RT) using a reverse micelle method as
follows: (i) A mixture was prepared by adding 5.0 g of Triton X-100,
4.0 mL of n-hexanol and 1.0 g of the shortened carboxylate CNTs into
20 mL of cyclohexane solution, and vigorously stirred 18 min; (ii) 1.0 mL
of HRP (100 mg/mL) and 3.0 mL TEOS were injected into the mixture,
and continuously stirred 30 min; (iii) 5.0 mL of NH;3+H,0 (25%, w/w) was
dropped into the stirring mixture, and vigorously stirred for 24 h; and
(iv) 5.0 mL of acetone was added, and the mixture was washed with
ethanol and water, and filtered using vacuum-filter method with nitro-
cellulose membrane (pore size, 0.2 um). The synthesized HRPSICNTs
were collected on the membrane, which were used for the conjugation of
anti-SEB antibodies.

Preparation of Anti-SEB-HRPSiCNTs Bioconjugates. Anti-SEB
antibodies were conjugated onto the surface of the shortened car-
boxylate HRPSiCNTs consulting to the literature (37—39). In detail, 0.2 g
of HRPSiCNTs was added into 5 mL of 0. M 2-(N-morpholino)-
ethanesulfonic acid buffer (pH 6.0) containing 0.4 M EDC and
0.1 M NHS, and sonicated for 30 min. The mixture was centrifuged for
10 min at 14,000 rpm. The obtained HRPSiCNTs were dispensed into
5 mL of pH 8.0 PBS, and 300 uL of 0.1 mg/mL anti-SEB (as detection
antibodies) was injected. The resulting mixture was slightly stirred at
150 rpm for 12 hat 4 °C, followed by centrifugation for 5 min at 4,000 rpm
to remove the nonreacted antibodies. After contrifugation, the obtained
bioconjugates were incubated with 2.5% (w/w) BSA for 1 hat RT to block
the unreacted and nonspecific sites. Finally, the as-prepared nanoprobes
(denoted as anti-SEB-HRPSICNTs) were stored in pH 7.4 PBS with a
finite concentration of 40 mg/mL at 4 °C when not in use. For comparison,
another two nanoprobes were prepared and used in this study including
HRP-labeled anti-SEB (HRP-anti-SEB) and anti-SEB-labeled multiwalled
carbon nanotubes (anti-SEB-CNTSs). The prepared process of anti-SEB-
HRPSICNTs is schematically illustrated in Scheme 1a.

Preparation of Electrochemical Immunosensor. The electrochemi-
cal immunosensor was prepared on a screen-printed carbon electrode
(SPCE), which contained a graphite working electrode (2 mm in diameter),
an Ag/AgCl reference electrode and a graphite auxiliary electrode. The
insulating layer printed around the working area constituted an electro-
chemical microcell using a semiautomatic screen-printing machine
(Baccini and Dek 1202) with a 156 thread/in. polyester screen, a stainless
steel flood blade, and a polyurethane squeegee (Weymouth, U.K.) accord-
ing to our previous report (40). Initially, a layer of electropolymerized
thionine film was deposited onto the surface of the SPCE using scanning for
20 cycles between —1.5 V and +1.5 V at 50 mV/s in 0.1 M thionine—PBS.
Following that, the thionine-modified electrode was placed into 10 nm gold
colloids, and treated for 12 h at 4 °C. Subsequently, the obtained SPCE was
submerged into 0.1 mg/mL anti-SEB solution (as capture antibodies), and
incubated for 12 h at 4 °C. The formed immunosensor (denoted as anti-
SEB/nanogold/thionine/SPCE) was incubated in 100 mg/mL BSA—PBS
for 60 min at RT to eliminate nonspecific binding effect and block the
remaining active groups. The finished immunosensor was stored at 4 °C
when not in use.

SEB Electrochemical Assays. Electrochemical measurements were
carried out with a CHI 430A Electrochemical Workstation (Chenhua,
Shanghai, China) on the as-prepared SPCE. The electrochemical measure-
ment of SEB levels mainly consisted of the following steps: (i) 20 uL of SEB
standard solution or real samples with various concentrations was
dropped to the SPCE surface, and incubated for 18 min at RT to form
the antigen—antibody complex; (ii) after washing with pH 7.4 PBS, 20 uL
of anti-SEB-HRPSICNTs (40 mg/mL) was added into the detection cell,
and incubated for another 18 min at RT to construct a sandwich-type
immunocomplex; and (iii) 50 4L of pH 5.5 ABS buffer containing 8.0 mM
H,0, was injected into the cell, and differential pulse voltammetry (DPV)
from —400 to 0 mV (vs Ag/AgCl) with a pulse amplitude of 50 mV and a
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Scheme 1. (a) Preparation and Functionalization of HRPSICNTs and (b) Multisignal Amplification and Comparison of the Sandwich-Type Electrochemical

Immunoassay with Various Immunoassay Protocols
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pulse width of 50 ms was collected and registered as the sensor signals.
Analyses are always made in triplicate. The measurement protocol is
shown Scheme 1b.

Food Samples and Elution Procedure. Calibration Curve. Fresh
milk matrix for further addition calibration was prepared as follows:  mL
of fresh milk sample (fat percentage: 3.25%) was initially diluted into 9 mL
of water, and then SEB standards with various volumes were spiking into
the milk matrix. The milk samples were assayed using the electrochemical
immunoassay after incubation with matrix-toxin for 18 min.

Food Sample Spiking. To spike a sample of natural 100% watermelon
juice, soymilk, and natural 100% apple juice, 15 mL of sample was initially
transferred directly into a centrifuge tube, and then the sample was
centrifuged for 20 min at 14,000 rpm. The resulting suspension was
transferred into a fresh tube at a finite volume of 15 mL with water. For
the pork food, 3.75 g of sample was initially placed in a centrifuge tube,
then 15 mL of methanol/water (80:20, v/v) was added, and then the
mixtures were sonicated for 60 s to assist extraction. Following that, these
samples were centrifuged for 20 min at 14,000 rpm. Finally, 3 mL of the
suspension was collected and transferred into another centrifuge tube and
diluted to 15 mL with water. The real samples were prepared by spiking
aliquots of SEB standards into different volumes of extraction. These
spiking food samples were monitored using the electrochemical immu-
noassay and commercially available ELISA.

ELISA Analysis. Wells of microtiter plates (Haimen, Jiangsu, China)
were initially coated by adding 0.1 mL of SEB—BSA (I x 10~ mg/mL)
and incubating overnight at 4 °C, and then incubated with 0.3 mL of BSA
(2 mg/mL) for 30 min at 37 °C. After the plate was washed 3 times with
PBS, 0.1 mL of sample mixture (1 x 10~> mg/mL anti-SEB in 2 mg/mL
BSA—PBS, 1:1 with sample) was added to each well and incubated for 30
min at 37 °C. Following that, 0.1 mL of alkaline phosphatase (AP)-anti-
mouse IgG (Sigma) was added to each well and incubated for 30 min at
37°C. Finally, 0.1 mL of substrate Bluephos (Haimen) was added to each
well, and the plate was monitored for 30 min at 620 nm by an Anthos 2001
reader (Anthos Mikrosysteme GmbH, Krefeld, Germany).

RESULTS AND DISCUSSION

Characteristics of HRPSiCNTs and Bioconjugates. In this
contribution, the long multiwalled carbon nanotubes were ini-
tially shortened and functionalized with carboxylate groups.
Using the water-in-oil (W/O) microemulsion system, the water-
soluble CNTs can be mixed with the HRP and TEOS aqueous
solution, and the HRP and TEOS can diffuse inside the CNTs.

HRP-anti-SEB

D
anti-SEB-HRPSiCNT

With the help of ammonium hydroxide, the HRP-doped silica
nanoparticles could be grown inside the CNTs. To verify the
successful synthesis of the HRPSICNTSs, various characterization
methods were used. First, we used scanning electron microscope
(SEM, a Hitachi S-3000N, Japan) to investigate the CNT surface
before and after modification with HRP and nanosilica particles.
Figure 1a shows the SEM image of the shortened carboxylated
CNTs, which displayed a homogeneous surface and good disper-
sion. When HRP-doped silica nanolayer was attached to the multi-
walled carbon nanotubes, a rough surface appeared (Figure 1b). At
the same time, the silica nanolayer could be faintly observed on the
CNTs.

Could HRP and silica be really encapsulated into the hollow
CNTs? N, adsorption isotherms of CNTs and HRPSiCNTs were
investigated, and the results are displayed in Figure lc. As
indicated in Figure 1c, type IV adsorption isotherm and an H1
hysteresis loop are observed for porous material. In the range of
0.7—1.0 Pa, steplike curves were due to capillary condensation
taking place in porous material. When HRP and silica were
attached into the hollow CNTs, BET surface area (BET: Brunauer,
Emmet, Teller, m?/g) was obviously increased. The reason might
be the fact that HRP-doped silica nanoparticles were formed inside
the hollow CNTs, and increased the specific surface area.

Furthermore, the interaction between the CNTs and proteins
could be demonstrated with UV—vis absorption spectrometry
(Hitachi Instrument, Japan). A 398 nm of absorption peak was
observed at HRP molecules according to our previous report (24).
When HRP and silica were doped into the CNTs, the peak at 398 nm
could be also achieved for HRPSiCNTs. The result suggested that
the absorption peak of the doped HRP was not changed, and
maintained its native characteristicc. When the synthesized
HRPSICNTs were conjugated with anti-SEB antibodies, two
absorption peaks at 398 and 278 nm were obtained (Figure 1d).
On the basis of the results mentioned above, we might make a
conclusion that the HRPSiCNTs could be formed and biofunc-
tionalized using the reverse micelle method and EDC—NHS
conjugate technique.

Electrochemical Characteristics. Figure 2 displays the cyclic
voltammograms of variously modified electrodes at 50 mV/s in
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Figure 1. SEM images of (a) CNTs and (b) HRPSICNTs, (c) N»
adsorption—desorption isotherms at 77 K for CNTs and HRPSIiCNTs,
and (d) UV—uvis absorption spectroscopy of ant-SEB-HRPSICNTSs (inset:
UV—vis absorption spectroscopy of HRPSICNTSs).
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Figure 2. Cyclic voltammograms of (a) SPCE, (b) thionine/SPCE, (c)
nanogold/thionine/SPCE, and (d) ant-SEB/nanogold/thionine/SPCE in pH
5.5 ABS. (Insets: electrochemical behaviors of the immunosensor toward
5.0 ng/mL SEB using (e, f) ant-SEB-HRPSICNTs and (g, h) anti-SEB-
CNTs as detection antibodies in pH 5.5 ABS, respectively. Notes: in pH 5.5
ABS (e, g) without and (f, h) with 8.0 mM H,0,.)

pH 5.5 ABS. No peak was observed for the bare SPCE
(Figure 2a). When thionine was electropolymerized on the surface
of SPCE, a couple of redox peaks, —150 mV and —120 mV, were
obtained (Figure 2b), indicating that the immobilized thionine could
act as a good electron mediator for electron transfer. The redox
peak could be enhanced when the nanogold particles were as-
sembled onto the surface of the thionine/SPCE (Figure 2c). The
result suggested that gold nanoparticles favored the electron
transfer. When anti-SEB antibodies were immobilized onto the
surface of nanogold particles, however, the redox peak currents
were decreased (Figure 2d).

To further verify the feasibility of the sandwich-type electro-
chemical immunoassay, the immunosensor was used for detec-
tion of 5.0 ng/mL SEB (as an example). The formed sandwich-
type immunocomplex was investigated in pH 5.5 ABS before and
after the addition of H,O,. As seen in Figure 2e.f, an obvious
redox reaction appeared with a distinct increase of the reduction
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Figure 3. Comparison of electrochemical responses of the immunoassay
using various detection antibodies toward different concentrations of SEB:
(a) anti-SEB, (b) ant-SEB-CNT, (¢) HRP-anti-SEB, and (d) anti-SEB-
HRPSICNT.

current and a decrease of the oxidation current upon the addition
of H,O, in pH 5.5 ABS. The catalytic current mainly derived from
the immobilized HRP toward the reduction of H,O, relative
to the thionine—PBS system. Thus, we might quantitatively
evaluate the concentration of SEB according to the relationship
between the reduction current and SEB level. For comparison,
the electrochemical behavior of the immunosensor using anti-
SEB-CNTs as detection antibodies was studied in the absence and
presence of H,O,. As indicated in Figure 2g,h, anti-SEB-CNT
could slightly catalyze the reduction of H,O,.

HRPSICNTs for Signal Amplification. To further clarify the
amplified properties of the electrochemical immunoassay using
the synthesized HRPSICNTSs, four detection antibodies includ-
ing anti-SEB, HRP-anti-SEB, anti-SEB-CNT and anti-SEB-
HRPSICNT were utilized for the detection of five SEB standards
with various concentrations. These immunoassay protocols are
schematically illustrated in Scheme 1b. As indicated in Figure 3a,b,
the use of CNT could obviously enhance the signal of the electro-
chemical immunoassay. The reason might be the fact that the
coated CNTs could catalyze the reduction of H,O, to some
extent (41, 42). Moreover, the signal could further increase using
anti-SEB-HRPSICNTs as detection antibodies (Figure 3d). In
contrast to those of using HRP-an#i-SEB (Figure 3c), the sensi-
tivity using anti-SEB-HRPSICNT could be greatly improved. The
reason might be the fact that the catalytic currents not only
derived from the doped HRP but also originated from the coated
CNTs.

Optimization of Experimental Conditions. As seen in Figure 3,
the amplification of the electrochemical signal is mainly derived
from the doped HRP in the CNTs. To achieve a maximum HRP
for each CNT, and avoid the leakage of the doped HRP from the
CNTs, the ratio of HRP and TEOS should be optimized. Various
volume ratios of HRP (100 mg/mL) and TEOS (98%, w/w)
including 4:1, 3:1, 2:1, 1:1, 1:2, 1:3, and 1:4 (v/v) were used for the
preparation of the HRPSICNTs, which were employed for
detection of 5.0 ng/mL SEB. As indicated in Figure 4a, the
optimal current response was obtained at the volume ratio of
1:3. Thus, 1:3 of volume ratio of HRP and TEOS was selected for
the preparation of HRPSiCNTs.

Incubation time and incubation temperature for the antigen—
antibody interaction often affect the electrochemical responses of
the immunoassay. To ensure the practical application of the
immunoassay for real samples, a universal environment, such as
room temperature, is preferable. Thus, all experiments were
performed at RT (25 £ 1.0 °C) in this study. At this temperature,
we investigated the effect of the incubation time on the current
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response of the immunoassay. As shown in Figure 4b, the current
increased with the increasing incubation time, and trended to level
off after 18 min. Longer incubation time could not improve the
response. Therefore, 18 min of incubation time was used for
detection of SEB.

Analytical Performance. The sensitive and dynamic range of
the sandwich-type electrochemical immunoassay for the spiked
SEB standards into fresh milk matrix was first assessed using anti-
SEB-HRPSiCNTs as tracer and H,O, as enzyme substrates
under optimal conditions. A sigmoid regression curve between
the reduction currents and the SEB concentration was obtained
(Figure 5). The reduction current increased with the increase of
the SEB concentration. As shown in the inset of Figure 5, the
increase of reduction currents was linear in the range of 0.05 to
15 ng/mL SEB and the linear regression equation was adjusted to
Ine (UA) = 292.6 + 29.5 x logCsgp; (ng/mL) with a detection
limit (LOD) of 10 pg/mL at a signal-to-noise ratio of 3¢ (where o
is the standard deviation of the blank, n = 15) (R2 = 0.985). The
precision of the electrochemical immunoassay was evaluated by
calculating the intra- and interbatch variation coefficients (CVs,
n = 6). Experimental results suggested that the CVs of the assays
using anti-SEB-HRPSiCNTs from the same batch were 8.3%,
7.6%, 6.8%, and 5.7% at the 0.08, 1.0, 5.0, and 12.0 ng/mL SEB
levels, respectively, while the CVs of the assays using anti-SEB-
HRPSICNTs from different batches were 6.3%, 8.7%, 9.7%, and
5.2% at the above-mentioned analyte concentrations. Moreover,
the anti-SEB-HRPSICNTs displayed good stability. Analyzed
from experimental data, as much as 90% of the initial current
response was preserved after storage of the anti-SEB-HRPSICNTs
in pH 7.4 PBS for 23 days.

Regeneration and Selectivity. Regeneration of immunosensors
is of interest for practical application. Although the antigen—
antibody linkage can be broken under drastic conditions, the
immobilized immunoproteins can also suffer from functional
damage or even be released from the immunosorbents. As seen
from our previous reports and experimental results (23, 24,43 —45),
0.1 M glycine-HCI (pH 2.8) could be used for the regeneration of
the electrochemical immunosensor. After each immunoassay run,
the immunosensor was regenerated by immersing into the glycine-
HCl solution for 5 min and washing with pH 7.4 PBS, and then the
following run cycle was carried out.

To investigate the differences in response of the immunoassay
to interference degree of crossing recognition level, aflatoxin B,
(AFB,), aflatoxin B, (AFB,), staphylococcal enterotoxin A
(SEA), staphylococcal enterotoxin C (SEC), and interleukin-6
(IL-6) with various concentrations were injected into the detec-
tion system, respectively. The current responses to each type of
analyte were recorded, and the results are listed in Table 1. As
shown in Table 1, almost no response was observed toward AFBy,
AFB, and IL-6 while there is a high cross-reactivity with SEA and
SEC. The reason might be the fact that the primary antibodies
and secondary antibodies exhibited high cross reactivity with
SEA and SEC of SEB similar structure. Thus, the selectivity of the
electrochemical immunoassay is acceptable.

Evaluation of Real Samples and Intralaboratory Validation. The
trueness and applicability of the electrochemical immunoassay
for testing real food samples, namely, SEB spiked samples,
including watermelon juice, soymilk, apple juice, and pork food,
were assessed by using the electrochemical immunoassay and
commercially available ELISA as a reference method. The
experimental results are summarized in Table 2. The recovery in
spiked samples is 94.5—116% for the electrochemical immuno-
assay. The regression equation for the experimental results obtained
from two methods is y = (0.96 &+ 0.13)x — (0.22 £+ 1.7) (ng/mL,
R?>=10.987; x, SEB levels; y, reference values). The correlation
between the two methods was investigated using r-tests for
comparison of the experimental values of the intercept and slope
to the ideal situation of zero intercept and slope of 1. These data
were very close to the regression line, and the slope was close to 1,
thereby revealing a good agreement between both analytical
methods.

In conclusion, this manuscript describes the development and
validation of a sandwich-type amplified electrochemical immuno-
assay of the detection of SEB (as a model analyte) in foodstuffs
using carbon nanotubes (CNT) as carriers for the HRP reporter
enzyme. The highlight of this study is to combine the nanocata-
lytic properties of carbon nanotubes with bioelectrocatalytic
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Table 1. Interference Degree or Crossing Recognition Level of the Electrochemical Immunoassay
Ciinterfering agents] (Ng/mL); detectable concentration?
crossing reagents® 0 0.5 2 5 10 mean + SD RSD (%)
SEB + AFB;, 5.0 5.04 £ 0.01 512+0.13 5.34+0.24 5.39+£0.56 5.18+0.16 3.1
SEB + AFB, 5.0 5.03+0.03 5.37 £ 0.56 5.67+0.87 5.34 +0.64 5.28+0.25 47
SEB + SEA 5.0 5.12+0.02 5.97+£0.98 8.231+0.76 13.56 +0.46 7.58 £3.21 423
SEB + SEC 5.0 5.18+ 0.01 6.02+0.23 8.43+0.41 13.97 £ 0.25 7.72+3.36 435
SEB + IL-6 5.0 5.11£0.04 5.34+£0.88 5.67 £0.52 5.89+0.39 541 +£0.34 6.2

The average value of three assays, and the concentrations were calculated according the calibration curve. ©Containing 5 ng/mL SEB and various concentrations of

interfering agents.

Table 2. Comparison of Experimental Results for Determination of SEB in
Real Food Samples as Obtained by the Electrochemical Immunoassay and
ELISA as Reference Method

methods (mean =+ SD,
ng/mL)? and recovery (%)

dose of the
sample spiked SEB electrochemical
food sample no. (ng/mL) immunoassay ELISA
watermelon juice  1° 0 0.09 £ 0.01 (—) -
2 1.2 1.32 £ 0.27 (110%)  1.45 £ 0.16 (120%)
3 3.0 3.45 4+ 0.49 (115%)  3.21 4+ 0.27 (107%)
4 7.0 6.78 £ 0.78 (96.9%) 6.34 + 0.29 (90.6%)
soymilk 5P 0 0.07 £ 0.01 (—) -
6 25 2.65 £ 0.43 (106%) 2.98 + 0.11 (119%)
7 50  4.7840.29(95.6%) 5.02 +0.76 (100%)
8 9.0 8.98 £ 0.73 (99.8%) 9.34 + 0.98 (104%)
apple juice 9b 0 - -
10 15 1.46 £0.21 (97.3%) 1.65 £ 0.27 (110%)
11 45 454 +£0.98 (101%)  4.89 &+ 0.65 (109%)
12 9.0 9.76 +1.01 (108%)  9.21 4 0.46 (102%)
pork food 13° 0 0.08 £ 0.01 (—) -
14 20 189024 (945%) 2.01 4 0.34 (101%)
15 5.0 5.78 + 0.67 (116%)  5.13 & 0.81 (103%)
16 9.0 8.94 £+ 0.24 (99.3%) 8.91 + 0.24 (99%)

2Each sample was assayed in triplicate.  Without spiking SEB samples. °Not
detected.

amplification of bioactive enzyme. Experimental results indicated
that the electrochemical immunoassay exhibited high sensitivity,
acceptable reproducibility and stability. Importantly, the electro-
chemical immunoassays can be further extended for detection of
other low-concentration toxins in food by controlling the target
antibody. We might suspect that such immunoassay approaches
will evolve toward a very promising future for reliable point-
of-care diagnostics of biocompounds, and as tools for intraopera-
tion pathological testing, proteomics, and system biology.
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