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Abstract An indirect competitive chemiluminescence (CL)
immunoassay based on Fe;04@SiO, @ Au magnetic nanopar-
ticles (Au-SCMPs) has been optimized and developed for the
detection of aflatoxin B; (AFB;). To improve the detection sen-
sitivity and efficiency, this method combines 2',6'-
dimethylcarbonylphenyl-10-sulfopropyl acridinium-9-
carboxylate 4’-NHS ester (NSP-DMAE-NHS) as a new kind
of high efficient luminescence reagent with a simplified separa-
tion procedure based on the optimized Au-SCMPs.
Superparamagnetic nanoparticles were coated with different
sizes of Au colloids (18, 30, and 50 nm), and their capacities
in immobilization of bovine serum albumin (BSA) were inves-
tigated. The BSA-AFB; conjugate (BSA-AFB;) was
immobilized on the optimized Au-SCMPs and competed with
the free AFB, for specially binding the NSP-DAME-NHS-
labeled anti-AFB; antibody (mAb-AFB,). After the indirect
competitive immunoreactions and magnetic separation, the
CL of the nanoparticles was measured by a homemade lumi-
nescent measurement system. Under the optimum conditions,
the 1Csq value was 0.07 ng mL ! and the limit of detection
(LOD) of AFB, was 0.01 ng mL ", respectively. The result
shows a much lower ICso and LOD than that typically achieved
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by ELISA. This proposed immunoassay method was rapid,
low-cost, and suitable for the detection of AFB;.

Keywords Chemiluminescence immunoassays - Aflatoxin
B; - Acridinium ester - Fe;04@SiO, @ Au magnetic
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Introduction

In recent years, magnetic nanoparticles are attracting great in-
terest due to their promising application in many areas such as
drug delivery, food and food industry, magnetic resonance im-
aging, and environmental remediation (Blasco and Pic6 2011;
Edelman and Warach 1993; Pankhurst et al. 2003; Zhang et al.
2010). To overcome the problems of toxicity and agglomeration
limiting the application of magnetic nanoparticles in biological
field, magnetic nanoparticles were often coated with various
kinds of shells (Deng et al. 2005). The silica shell is one of the
most appropriate layers for its good chemical stability, excellent
biocompatibility, and water dispersibility (Ahangaran et al.
2013; Hui et al. 2011). Also, silica shell facilitates further cou-
pling interaction with some guest molecules because of the
abundant amounts of functional groups which is a great im-
provement for magnetic nanoparticles (Moji¢ et al. 2012). As
we know, gold has been considered as one of the best materials
because of its special characteristics such as reliable chemical
stability, biocompatibility, and versatility in surface modifica-
tion (Ackerson et al. 2006; Lim et al. 2008). Gold nanoparticles
can provide a high density and stable immobilization of proteins
while retaining their bioactivity. However, the problematic way
of isolation limited the application of gold nanoparticles in im-
munoassays. Up to now, various methods have been developed
to synthesize Fe;0,@SiO,@Au (Au-SCMPs) magnetic nano-
particles for the immobilization and separation of protein. Au-
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SCMPs with unique magnetic responsivity and excellent stabil-
ity perform easy binding of proteins and its recovery which is a
great achievement in biological applications.

Aflatoxin B (AFB;) is one of the most toxic, carcinogenic,
and immunosuppressive mycotoxins which are mainly produced
by Aspergillus in hot-humid area. In 1993, AFB; was designated
as a group I carcinogen by the International Agency for Research
on Cancer (IARC). AFB; is a very stable coumarin compound
and usually contaminates agricultural commodities, such as pea-
nuts, comn, and soybeans, which is an important problem all
through (Xiulan et al. 2005). Many countries have specially
established regulations to avoid overexposure of humans and
animals to AFB; (Ren et al. 2014). The European commission
has set very strict rules that the maximum permissible level for
AFB; was 2 ppb or 6.4 nM in peanuts, tree nuts, milk, dried fruits,
and all cereals (Castillo et al. 2015; Ren et al. 2014). Hence, the
detection of AFB; is very important for food security. Up to now,
various analytical methods have been developed for the detection
of AFB1 such as enzyme-linked immunosorbent assay (ELISA),
radioimmunoassay (RIA), and high-performance liquid chroma-
tography (HPLC) (Herzallah 2009; Kolosova et al. 2006; Korde
et al. 2003). However, most of the reported methods are labori-
ous, instable, time-consuming, and requiring expensive equip-
ment, materials, and maintenance. Therefore, searching analyti-
cal methods for the detection of AFB; that are simultaneously
rapid, low-cost, and highly sensitive remains a challenge.

Chemiluminescence (CL) assay has been widely recognized
as a promising analytical method in many fields such as immu-
noassays, pharmaceutical analysis, food analysis, and DNA
probe-based assay (Bronstein et al. 1989; Mervartova et al.
2007; Navas and Jimenez 1996; Zhang et al. 2008). CL assay
usually involves the oxidation of a suitable substrate (or ana-
lyte) to produce an excited species, which emits light (ultravi-
olet, visible, or infrared) upon relaxation to ground state
(Tranifam et al. 2013). CL assay possesses the advantages of
an acceptable sensitivity, inexpensive instrumentation, and

wide dynamic range. However, there are still some drawbacks
existed in CL assay such as the poor selectivity and the relativ-
ity low emission intensity which greatly influence the sensitiv-
ity of CL assay. During recent years, much effort has been made
to catalyze redox CL reactions, providing enhanced CL emis-
sion (Bronstein et al. 1989; Mervartova et al. 2007; Navas and
Jimenez 1996; Sorouraddin et al. 2008). 2',6-
Dimethylcarbonylphenyl-10-sulfopropyl acridinium-9-
carboxylate 4'-NHS ester (NSP-DMAE-NHS) is a new kind
of highly efficient chemiluminescent reagent which could emit
light in less than 2 s and allow full automation. It is much more
effective and easier than traditional chemiluminescent reagents
such as luminal (Yang et al. 2009). On the other hand, Au-
coated magnetic nanoparticles have shown great potential in
CLIA for signal enhancement and protein immobilization (Bi
et al. 2009; Pingarrén et al. 2008). Au-coated magnetic nano-
particles which possess high specific surface area will provide a
high density of biomolecule immobilization. Moreover, they
can also be easily separated from sample matrix retaining the
biochemical activity of biomolecule such as proteins and DNA.

In this paper, indirect competitive chemiluminescent im-
munoassay based on the optimized Au-SCMPs for the ultra-
sensitive detection AFB; was first reported. The citrate-coated
gold colloids with different size range self-assemble onto
amine-SCMPs through attractive electrostatic interactions
and their performance in immobilization of proteins were
compared. The BSA-AFB, conjugate was immobilized on
the optimized Au-SCMPs through the gold colloid adsorption,
which could compete with the free AFB; in target analyte for
binding to the NSP-DAME-NHS-labeled anti-AFB; antibody
(mADb-AFB;). The labeled mAb-AFB; bound to Au-SCMPs
was then performed as chemiluminescence substrate induced
by NaOH and H,0, to yield different intensity of emitting
light that corresponded to the level of AFB; analyses. The
principle of CL detection based on Au-SCMPs is schemati-
cally shown in Fig. 1.
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Experimental
Materials

Aflatoxin By (AFB,), BSA-AFB; conjugate (BSA-AFB;), and
monoclonal antibody against AFB; (from mouse) (mAb-AFB;)
were purchased from Shandong Landu Biotechnology
Company (Shandong China). 3-Aminopropyltrimethoxysilane
(APTS) and bovine serum albumin (BSA) were purchased from
J&K Scientific Co., Ltd (Beijing China). L-Lysine and Sephadex
G-50 were purchased from Seebio (Shanghai, China). NSP-
DMAE-NHS was purchased from MaterWin New Materials
Co., Ltd (Shanghai, China). FeCl;-6H,O, HAuCl,3H,O0,
tetracthoxysilane (TEOS), sodium acetate, sodium chloride,
trisodium citrate, sodium phosphate monobasic (NaH,PO,), so-
dium phosphate dibasic (Na,HPO4), methanol, ethanol, ethyl-
ene glycol, HCI, NaOH, and aqueous ammonia (28 wt. %) were
of analytical grade and purchased from Tianjin Tianli Chemical
Regents Ltd. Milk powder and dried peanuts were purchased
from the local supermarket. All the chemicals were used without
further treatment. Deionic water was used for all the experiments.

Synthesis of Fe;0, Nanoparticles

Fe;O4 magnetic nanoparticles were prepared through a
solvothermal method (Xu et al. 2006). Briefly, FeCl;-6H,O
(1.89 g, 0.007 mol) and sodium acetate (5.04 g, 0.061 mol) were
dissolved in 70 mL of ethylene glycol under vigorous stirring. The
mixture was sealed in a Teflon-lined stainless-steel autoclave and
maintained at 200 °C for 9 h. After the autoclave was cooled to
room temperature (RT), the black products were washed several
times with ethanol and dried in vacuum at 60 °C for 6 h.

Synthesis and Surface Modification of Fe;0,@SiO,
Nanoparticles

The Fe;0,@Si0, nanoparticles were synthesized by a modi-
fied StOber method (Deng et al. 2008). Typically, Fe;O4 nano-
particles (100 mg) were first treated with HCI aqueous solution
(50 mL, 0.1 M) under ultrasonic vibration for 10 min. After
that, the magnetic nanoparticles were washed with deionized
water thoroughly, and then homogeneously dispersed in a mix-
ture of ethanol (80 mL), deionized water (20 mL), and concen-
trated ammonia aqueous solution (1.0 mL, 28 wt.%). TEOS
(0.023 g, 0.11 mol) was added to the solution and stirred for
8 h at RT. The product was separated by a magnet and washed
with ethanol and water, then dried in vacuum at 60 °C for 10 h.
For surface modification, the obtained Fe;0,4@ SiO, nanoparti-
cles were redispersed in 150 mL ethanol, 1.5 mL ammonia
aqueous solution (28 wt.%), and 0.75 mL APTS, and the mix-
ture was stirred for 24 h (Rasch et al. 2009). The amine-
functionalized nanoparticles were washed several times with
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ethanol and redispersed in 100 mL water, and then a few drops
of concentrated HC] were added to maintained pH ~3.

Synthesis of Fe;0,@Si0,@Au Nanoparticles

Gold colloids with different sizes (18, 30, and 50 nm) were pre-
pared by reduction of HAuCl, with sodium citrate (Frens 1973).
Then, 30 mL of the amine-functionalized Fe;0,@SiO, nanopar-
ticles dispersion was added dropwise to 100 mL of the citrate-
stabilized gold colloids. After about 1-h stirring, the resulting
product was separated magnetically and washed with water.

Preparation of NSP-DAME-NHS-Labeled mAb-AFB,
and BSA

The NSP-DAME-NHS-labeled mAb-AFB; and BSA were pre-
pared according to Schlaeppi et al. (1994) but with some modi-
fications. Purified mAb-AFB; (0.1 mg) dissolved in 320 uL of
PBS (0.1 M, pH 8.0) was labeled by reacting with 28 pg of NSP-
DAME-NHS for 1 hat RT. The reaction was quenched by adding
100 pL of 1I-lysine (10 mg mL ! of H,0) for 15 min. The labeled
mAb-AFB; was separated from unbound NSP-DAME-NHS by
gel filtration on a Sephadex G-50 column (1 x 25 cm) equilibrat-
ed with PBS (0.1 M, pH 7.4). The specific chemiluminescent
activity of the labeled mAb-AFB; was estimated according to
the absorbance at 280 nm and luminescent intensity. In addition,
the NSP-DAME-NHS-labeled BSA was prepared using the
same method.

Immobilization of BSA-AFB; on Au-SCMPs

The BSA-AFB; was immobilized on Au-SCMPs according to
a modified procedure (Sung et al. 2013). Briefly, 50 pL of
20 mg mL™" optimized Au-SCMPs was added to 60 pL of
0.02 mg mL™" BSA-AFB; in PBS (0.1 M, pH 7.4) followed
by gently shaking for 30 min at RT to induce the physical
adsorption of the BSA-AFB, to Au colloids which is based
on hydrophilic, hydrophobic, or both types of interactions
(Jung et al. 2008). The supernatant of the mixture was
discarded, and 120 uL of PBS (0.1 M, pH 7.4) containing
5 % BSA (w/v) was added to block the surface of the bare
Au-SCMPs. The mixtures were incubated with shaking for
30 min at RT and separated by magnet. Subsequently, the
Au-SCMPs were resuspended in 150 puL of PBS (0.1 M,
pH 7.4) containing 0.1 % BSA (w/v) and shaken for 30 min
at RT. The supernatant was discarded and resuspended in
150 uL of PBS (0.1 M, pH 7.4) containing 0.1 % BSA (w/v)
again. The magnetic separation and resuspension was repeated
twice, after which the resulting solution was stored at 4 °C
before use.
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Fig. 3 Inhibition curve for the detection of AFB;, where B/B, represents
the percentage of NSP-DAME-NHS-labeled mAb-AFB; specifically
bound to the nanoparticles

Competitive CL Assays for the AFB,; Detection

Target analyte of AFB| was prepared by dissolving AFB; in a
stock solution with PBS: methanol (9:1, v/v) (Xiulan et al.
2005). In a typical experiment, 1 mL of the target AFB; solu-
tions (0.001, 0.01, 0.05, 0.1, 0.5, 1, and 10 ng mL_l) were
mixed with the optimized amount of labeled mAb-AFB; so-
lution, respectively, and incubated for 30 min at RT. The BSA-
AFB,-immobilized Au-SCMPs were added, and the incuba-
tion was continued for another 30 min. The nanoparticles were
washed four times with PBS in magnetic field and transferred
into a CL measurement tube. Finally, the CL of the above
nanoparticles was measured by a homemade luminescent
measurement system (Fig. S1).

Method Validation

The method was validated for possible applications by analyzing
real milk samples and ready-to-eat peanut samples. Milk samples
for precision analysis were prepared as follows: 0.1 g of nonin-
fected milk powder was dissolved in 1 mL distilled water by
continuous stirring and spiked with different amounts of AFB;.
The sample was treated with equal volume methanol by shaking
for 30 min and centrifuged at ~6000xg for 8 min at 4 °C. The
upper fat layer was completely removed, and the aqueous layer
(middle portion) was stored at 4 °C before use. For peanut sam-
ples, 1 gof ground blank peanut sample was spiked with different
amounts of AFB; and then extracted with 5 mL methanol-water
(7:3, v/v) by shaking for 30 min at RT. The suspension was fil-
tered, and the filtrate was stored at 4 °C before use. The blank milk
sample and peanut sample were prepared as described above but
not spiked with AFB;. The prepared milk samples and peanut
samples were analyzed as analytes according to the competitive
CL procedure (“Competitive CL Assays for the AFB;
Detection”).

Result and Discussion

Characterization of Fe;0,@Si0,@Au Magnetic
Nanoparticles

The phase structure and crystallization of the as-prepared nano-
particles were characterized by XRD analyses. FigureS2 shows
the XRD patterns of (a) Fe;0y4, (b) Fes0,@Si0,, and (c¢)
Fe;04@8Si0,@Au. The diffraction peaks in curve (a) match
well with those of Fe;04 from the JCPDS card (no. 75-0033)
with a pure phase. After coating with the silica layer, a broad
and weak peak (26, 25°) corresponding to the amorphous SiO,
is appeared in curve (b). For the diffraction peaks in curve (c),
two new peaks corresponding to the (111) and (200) planes of
Au are clearly observed, indicating the grafting of Au colloids
on the surface of Fe;04@Si0O, nanoparticles.
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Table 1 Comparison of this

method and other typical methods ~ Immunoassay method LOD (ng mL™") ICso (ng mL™") Reference
ELISA 0.05 0.62 Kolosova et al. (2006)
Fluoroimmunoassay 0.149 0.016 Zhang et al. (2014b)
Multiplex CL immunoassay 0.0019 0.01 Xu et al. (2014)
Enzyme immunoassay 2 10 Saha et al. (2007)
Electrochemical immunoassay 0.2 - Masoomi et al. (2013)
Immunochromatography assay 2.5 - Xiulan et al. (2006)
Improved CL immunoassay 0.01 0.07 This work

The morphology and size of nanoparticles were characterized
by SEM and TEM. Figure S3 shows the SEM and TEM images
for the nanoparticles obtained at different experimental stage.
Figure S3a shows that the performed Fe;O,4 templates are spher-
ical in shape and have a mean diameter of about 300 nm. After
coated with an amorphous silica layer, Fe;04@SiO, nanoparti-
cles with a thin silica ~20 nm were obtained (Fig. S3b).
Figure S3f shows that Fe;0,@SiO, nanoparticles have an aver-
age particle size of 325 nm. Figure S3c—¢ shows the SEM images
of Fe;0,@8Si0,@Au (18 nm), Fe;0,@Si0,@Au (30 nm), and
Fe;0,@Si0,@ Au (50 nm), respectively, indicating that the Au
colloids with different size are successfully decorated on the
Fe;0,@Si0, nanoparticles. However, large amounts of Au col-
loids (50 nm) aggregated in the sample of Fe;0,@SiO,@Au
(50 nm) which is consistent with previous report (Rasch et al.
2009; Zhang et al. 2014a).

Figure S4 shows the magnetic hysteresis loops of (a) Fe;Oy,
(b) Fe30,4@Si0,, and (¢) Fe30,@Si0,@Au nanoparticles
which are characterized by a VSM apparatus at RT. As can be
seen, the saturation magnetization values are 76.2, 73.7, and
64.6 emu gf1 for Fe;04, Fe;0,@8Si0,, and Fe;0,@Si0,@Au
nanoparticles, respectively. The field-dependent magnetization
shows very little hysteresis loop, indicating that the nanoparticles
exhibit superparamagnetic behaviors. As a result, the nanoparti-
cles in their homogeneous dispersion can be rapidly collected by
asmall magnet and redisperse quickly by gentle shaking once the
magnet is removed. The as-prepared nanoparticles possess

excellent magnetic responsivity and redispersibility which is
greatly advantageous for CL immunoassays.

Optimization of the Au-SCMNPs

The relative CL intensity depends greatly on the amount of
biomolecules by immobilization in competitive CL immunoas-
says. In this work, the capacity of different Au-SCMPs (18, 30,
and 50 nm) in immobilization of BSA was investigated. Briefly,
50 pL of 20 mg mL™" Au-SCMNPs (Au 18, 30, and 50 nm)
was added to 60 uL of 0.1 mg mL~' NSP-DAME-NHS-labeled
BSA and shaken for 30 min at RT. After that, the Au-SCMPs
were washed four times with PBS and the CL signal was mea-
sured. As shown in Fig. 2a, the most intensive CL signal was
obtained for Fe;0,@SiO,@Au (30 nm), indicating the most
efficient in immobilization of BSA. Therefore, we chose
Fe;0,@Si0,@Au (30 nm) nanoparticles as BSA-AFB,
immobilizing carrier in the following studies.

Determination of Optimized Amount
of NSP-DAME-NHS-Labeled mAb-AFB,

In order to improve the detection sensitivity, it is critical to deter-
mine the optimized amount of NSP-DAME-NHS-labeled mAb-
AFB,. Briefly, different amounts of NSP-DAME-NHS-labeled
mAb-AFB; (5, 10, 20, 30, and 40 puL) with a concentration of
0.01 mg mL ™" were added to 50 uL of BSA-AFB; immobilized

Table 2 The results of the

proposed CL immunoassay for Sample  Expected concentration Found concentration® RSDP Recovery
milk and peanut samples (ng mL ™) (ng mL™") (%) (%)
Milk 0.1 0.107+0.00846 7.9 107
0.05 0.0466+0.0056 12.1 93.3
0.02 0.01924£0.00055 29 96.2
Peanut 0.1 0.105+0.00952 9.1 105
0.05 0.0553£0.00462 8.35 111
0.02 0.0227+0.00253 9.55 114

# The report data are the mean values =SD

® Relative standard deviations (R.S.D.) of five determinations for each sample.

@ Springer



Food Anal. Methods (2016) 9:3080-3086

3085

Au-SCMPs (20 mg mL ") and gently shaken for 30 min at RT.
The particles were washed four times with PBS before CL emis-
sions were measured. As shown in Fig. 2b, the CL intensity
increased significantly versus the increase of NSP-DAME-
NHS-labeled mAb-AFB; until 30 pL at which the CL intensity
got saturation. Considering the sensor response and tracer con-
sumption, we selected 30 uL of NSP-DAME-NHS-labeled
mAb-AFB; in competitive immunoassay detections.

Calibration Curve and Sensitivity of the AFB; Detection

Figure 3 shows the calibration curve of the indirect competitive
CL immunoassays using Fe;0,@SiO,@Au (30 nm) as BSA-
AFB, immobilizing carrier. The inhibition ratio has a good non-
linear relationship with the logarithm of AFB; concentration in
the range of 0.01 to 0.2 ng mL™'. The ICs, value was
0.07 ng mL " and the limit of detection (LOD) of AFB, was
0.01 ng mL™", respectively. Compared with other typical
methods, the results in this work demonstrate an excellent sen-
sitivity for the detection of AFB; (Table 1).

Sample Analysis

To investigate the accuracy and feasibility of the newly improved
method for practical applications, several artificially spiked milk
samples and peanut samples were analyzed. The blank sample
and the control samples spiked with AFB; at 0.02, 0.05, and
0.1 ng mL™" concentrations were prepared and testified. The
analysis results were shown in Table 2. As can be seen from
Table 2, the recoveries were between 93 and 114 %, demonstrat-
ing the applicability of the proposed method for the ultrasensitive
detection of AFB; in real foods.

Conclusions

In this work, an improved CL immunoassay for the ultrasensitive
detection of AFB; is described. In the proposed procedure, a new
and efficient signal enhancer, NSP-DAME-NHS, and a simpli-
fied separation producer based on the optimized Au-SCMPs
have been utilized to detect AFB,. Results have shown that the
ICs¢ value was 0.07 ng mL ! and LOD of AFB, was
0.01 ng mL™", respectively. Compared to the conventional ana-
lytical assays, this method showed great potential for low-cost,
rapid, and highly sensitive in the detection of AFB; in agricultural
food and feed samples. This indirect competitive CL immunoas-
say is also suitable for detecting other small molecule analytes.
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