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ARTICLE INFO ABSTRACT

Keywords: Mycotoxins contamination in agricultural products poses a serious threat to human and animal health, so rapid
Persistent luminescence nanoparticles and sensitive nanosensors for simultaneous determination of multiple mycotoxins in food samples are highly
Nanosensor

desirable for food safety monitoring. Herein, we report the fabrication of functional dual-colored persistent
luminescence nanoparticles (PLNPs) in conjunction with Fe3O4 magnetic nanoparticles as a nanosensor for the
simultaneous biosensing of aflatoxin B; (AFB;) and zearalenone (ZEN) in food samples. Two types of PLNPs with
a single excitation wavelength, ZnyGeO,Mn?" and Znj 25Gay 5Geg 2504:Cr>,Yb3* Er®*t, are employed as the
signal units, and aptamers with high affinity and specificity to the corresponding mycotoxins are used as the
recognition units. The nanosensor was fabricated by hybridizing the aptamer modified PLNPs with the com-
plementary DNA modified Fe304. The developed nanosensor offers the integrated merits of autofluorescence-free
detection of persistent luminescence, the high specificity of aptamer and the high speed of magnetic separation,
allowing highly sensitive and selective detection of AFB; and ZEN in food samples with the limits of detection of
0.29 pg mL~! for AFB; and 0.22 pg mL™! for ZEN and the recoveries of 93.6%-103.2% for AFB; and 94.7%-—
105.1% for ZEN. This work also provides a novel universal PLNPs-based optical platform for the simultaneous
detection of multiple contaminants in complex samples.

Autofluorescence-free
Simultaneous biosensing
Mycotoxins

1. Introduction

Mycotoxins are a class of toxic secondary metabolites produced by
certain fungal species that exhibit potential carcinogenicity, neurotox-
icity, teratogens, and hepatoxicity [1-3]. Mycotoxins contamination is a
critical issue in food safety as cereals such as corn, wheat, rice and
peanuts are often contaminated by mycotoxins during growth and
storage [4-6]. Cereals are often contaminated by more than one
mycotoxin, leading to additional or synergistic toxic effect on humans
and animals [7,8]. Moreover, some mycotoxins are hard to destroy due
to their potent thermostability [9]. Therefore, it is necessary to develop
highly sensitive and rapid techniques for monitoring the possible
contamination of mycotoxins. Compared with just single mycotoxin
detection in one analytical run, development of analytical methods for
simultaneous detection of multiple mycotoxins is highly imperative and

significant.

Currently available methods for simultaneous determination of
multiple mycotoxins include fluorescent aptasensor [10-12], high per-
formance liquid chromatography [13], liquid chromatography-tandem
mass spectrometry [14,15], immunochromatographic assay [16,17]
and electrochemical assay [18,19]. Fluorescent assay is increasingly
used because of its simplicity, high sensitivity, and rapid analysis.
However, most fluorescent methods require continuous excitation light
irradiation to produce fluorescent signals, and thus suffer from potential
interferences of autofluorescence from complex sample matrixes pro-
duced by constant excitation. Therefore, it is essential to establish a
practical method for autofluorescence-free determination of trace my-
cotoxins in complicated food samples.

Persistent luminescence nanoparticles (PLNPs) exhibit long-lasting
luminescence after excitation stops, which allows the detection with
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Scheme 1. Schematic for the dual-colored PLNPs based nanosensor for simultaneous detection of ZEN and AFB;.

no need for in situ excitation, and avoids the interferences from auto-
fluorescence and scattering light in complex matrixes [20-23]. In 2011,
our group first reported a PLNPs-based fluorescence resonance energy
transfer inhibition assay for the detection of a-fetoprotein [24], which
inspired the research on PLNPs-based optical detection. After that,
several PLNPs-based optical sensors were reported in succession,
including detection of tumor markers [25-28], food-borne hazardous
substances [29-32] and reactive species [33,34]. So far, the
PLNPs-based optical sensors are still limited. Especially,
multiple-colored persistent luminescence nanosensors for the simulta-
neous detection of two or more mycotoxins have not been reported yet.

Herein, we report a rapid and sensitive multiple-colored persistent
luminescence nanosensor for simultaneous determination of two my-
cotoxins in food samples by integrating functionalized dual-colored
persistent luminescence nanoparticles with FesO4 magnetic nano-
particles (Scheme 1). In this assay, aflatoxin B; (AFB;) and zearalenone
(ZEN), two mycotoxins that often naturally co-occur in cereals, are
chosen as the targets for their severe damage and toxicity to human
health. Two types of PLNPs with a single excitation wavelength,
Zn,GeO4Mn?" (ZGO:Mn) and Znj 25Ga; 5Geg2504:Cret,Yb3H Erdt
(ZGGO:Cr), are employed as the signal units, and aptamers with high
specificity and affinity to the corresponding mycotoxins are used as the
recognition units. The aptamer modified PLNPs (Apt-PLNPs) are hy-
bridized with the complementary DNA modified Fe304 (cDNA-Fe304) to
form two couples of Apt-PLNPs@cDNA-Fe304 nanocomposites. In the
presence of AFB; or ZEN, the aptamer can specifically bind to the cor-
responding mycotoxin and cDNA-Fe304 will be replaced. The persistent
luminescence of the released signal units in supernatant increases with
the concentration of the mycotoxins, allowing simultaneous determi-
nation of trace ZEN and AFB; in food samples without autofluorescence
interference.

2. Experimental section
2.1. Reagents and materials

(3-aminopropyl)triethoxysilane = (APTES), 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) and 4-(N-maleimidomethyl)
cyclohexane-1-carboxylic acid 3-sulfo-N-hydroxysuccinimide ester so-
dium salt (Sulfo-SMCC) came from Aladdin (Shanghai, China). The
aptamers with sequences of 5-SH-GTT GGG CAC GTG TTG TCT CTC
TGT GTC TCG TGC CCT TCG CTA GGC CCA CA-3’ (Apt;, specific for
AFB;) [35], 5'-SH-TCA TCT ATC TAT GGT ACA TTA CTA TCT GTA ATG
TGA TAT G-3’ (Apty, specific for ZEN) [36], and their corresponding
partial complementary DNA with sequences of 5'-SH-GGG CCT AGC
GAA GGG C-3’ (cDNA;) and 5'-SH-ACA TTA CAG ATA GTA-3’ (cDNAy)
were obtained from Sangon Biotech Co., Ltd (Shanghai, China).

2.2. Preparation and amino-functionalization of PLNPs

ZGO:Mn was prepared via a hydrothermal method [37], and ZGGO:
Cr was synthesized via a hydrothermal method combination with
calcination [38]. The amino-functionalized PLNPs (NH5-ZGO:Mn and
NH3-ZGGO:Cr) were obtained via the Stober method using APTES as the
silane coupling agent [39].

2.3. Surface modification of PLNPs with DNA

5 mg of NH-ZGO:Mn was dispersed in HEPES buffer (5 mL, 10 mM,
pH 7.2) under sonication, then 1 mg of Sulfo-SMCC was added to the
solution for 2 h reaction with shaking at 25 °C. The maleimide-activated
NH,-ZGO:Mn was obtained by centrifugation, rinsed with phosphate
buffer saline (PBS) (10 mM, pH 7.4) three times, redispersed in 5 mL of
PBS containing 5 nmol AFB; aptamer (Apt;), and incubated at 25 °C
overnight. Finally, the resulting AFB; aptamer modified ZGO:Mn (Apt;-
ZGO:Mn) were collected by centrifugation, washed with ultrapure water
and redispersed in 5 mL of Tris-HCI buffer 1 (10 mM, pH 8.0, 100 mM
NacCl) for further use. The ZEN aptamer modified ZGGO:Cr (Apty-ZGGO:
Cr) was prepared in a similar way.

2.4. Surface modification of Fe304 with DNA

Amino-functionalized Fe304 (NHo-Fe304) was prepared by a one-pot
strategy [40]. Maleimide-activated NHp-Fe304 was prepared in a similar
procedure with Sulfo-SMCC as a bifunctional crosslinker as for the
preparation of NH2-ZGO:Mn. After magnetic separation, the activated
NH,-Fe304 was washed with PBS and then redispersed in PBS. To obtain
c¢DNA; modified Fe3O4 (cDNA;-Fe304), 3 nmol of cDNA; was mixed
with the above maleimide-activated NHy-Fe304 (3 mg) and shaking at
25 °C overnight. The resultant cDNA;-Fe304 was separated by magnetic
separation, washed with ultrapure water to remove excessive cDNA,
and finally resuspended in 3 mL of Tris-HCl buffer 1 for further use.
c¢DNA; modified FegO4 (cDNA;-Fe304) was prepared using the similar
procedure.

2.5. Fabrication of dual-colored PLNPs based nanosensor

Apt;-ZGO:Mn was mixed with cDNA;-Fe3O4 at a concentration ratio
of 10:3 with gentle shaking for 50 min at 37 °C, the resultant Apt;-ZGO:
Mn@cDNA;-Fe304 composites were separated by magnetic separation
and washed with ultrapure water, and then resuspended in Tris-HCl
buffer 2 (10 mM, pH 7.4, 100 mM NaCl). The Apty-ZGGO:Cr@cDNA-
Fe304 composites were prepared in a similar way.
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Fig. 1. TEM images: (A) ZGO:Mn; (B) ZGGO:Cr. (C) XRD patterns of ZGO:Mn and ZGGO:Cr. Excitation and emission spectra: (D) ZGO:Mn; (E) ZGGO:Cr. Inset:
photograph of the PLNPs solution under 254 nm UV excitation. (F) Persistent luminescence decay curves of ZGO:Mn and ZGGO:Cr.

2.6. Sample preparation

Grain samples were collected from a local market and extracted ac-
cording to an official method [41,42]. Briefly, 5.0 g of the fine ground
sample and 0.5 g NaCl were mixed with 20 mL of 84% acetonitrile
aqueous solution under ultrasonication for 20 min, then the solution was
centrifuged at 6000 rpm for 10 min. The obtained supernatant was
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Fig. 2. Characterization of the as-prepared NHy-Fe304: (A) TEM image; (B)

filtered through a 0.22 pm membrane filter and then diluted to 100 mL
with ultrapure water. For the recovery study, the grain samples were
spiked with various amounts of AFB; and ZEN standard solutions before
extraction.
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XRD pattern; (C) Magnetization curves; (D) FT-IR spectrum. The inset shows the

photograph of the water dispersion of NH,-Fe30,4 before and after exposure to an external magnetic field.
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Fig. 3. Optimization of the fabrication of Apt-PLNPs@cDNA-Fe30,4 (Apt-PLNPs, 0.5 mg mL™Y): (A) pH; (B) cDNA-Fe30,4 concentration; (C) hybridization time.

2.7. Procedures for the determination of AFB; and ZEN

150 pL of Apt;-ZGO:Mn@cDNA;-Fe304 (1 mg mL 1) and 150 pL of
Apty-ZGGO:Cr@ cDNAy-Fe304 (1 mg mL™1) were mixed, and then 40 pL
of the standard solution of AFB; and ZEN or sample solution were added.
The mixture solution was made to 400 pL with Tris-HCl buffer 2 for 40
min incubation at 37 °C, the unreactive Apt-PLNPs@cDNA-Fe304 and
the replaced cDNA-Fe304 were then separated by magnetic separation
and washed with Tris-HCI buffer 2, while all of the supernatant con-
taining Apt-PLNPs signal units were collected and made to 1 mL with
Tris-HCI buffer 2. The persistent luminescence (PL) was recorded on an
F-7000 spectrometer (Hitachi, Japan) in the phosphorescence mode
with excitation wavelength of 254 nm.

3. Results and discussion
3.1. Design and characterization of dual-colored PLNPs based nanosensor

Scheme 1 illustrates the basic principle of the dual-colored PLNPs
labeling and magnetic separation based nanosensor for the simultaneous
determination of AFB; and ZEN. Briefly, AFB; aptamer modified ZGO:
Mn (Apt;-ZGO:Mn) and its partially complementary DNA modified
Fe304 (cDNA;-Fe304) are assembled through the hybridization of Apt;
with cDNA;, then the formed Apt;-ZGO:Mn@cDNA;-Fe304 are obtained
by magnetic separation. The persistent luminescence intensity of Apt;-
ZGO:Mn in supernatant at 537 nm is at a minimum in the absence of
AFB;, but increases in the presence of AFB; due to the release of the
Apt;-ZGO:Mn from Apt;-ZGO:Mn@cDNA;-Fe304 due to the high affin-
ity between the Apt; and AFB;. Similarly, the presence of ZEN enables
the release of the Apty-ZGGO:Cr from Apty-ZGGO:Cr@cDNA,-Fe304 due
to the high affinity between Apt, and ZEN, and enhances the persistent
luminescence intensity of ZGGO:Cr-Apty-ZEN in supernatant at 701 nm.
Therefore, multiple mycotoxins AFB; and ZEN can be detected simul-

taneously by monitoring the change of dual distinguishable
A 3300
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luminescence signals at 537 and 701 nm with a single excitation.

The prepared ZGO:Mn was monodispersed nanorods with the size of
48 + 5nm x 12 + 1 nm (Fig. 1A) as well as a standard rhombohedral
phase of zinc germanate (Fig. 1C), and gave a bright green luminescence
emission at 537 nm originating from the 4T1 (4G)-6A1 (°S) transition of
Mn?* ions with an excitation spectrum from 200 nm to 270 nm
(Fig. 1D). The prepared ZGGO:Cr were spherical nanoparticle with the
size of 20 = 1 nm (Fig. 1B) and a pure spinel phase structure of zinc
gallogermanate (Fig. 1C). ZGGO:Cr emitted near infrared luminescence
at 701 nm due to the 2E—*A, transition of distorted Cr>* ions with an
excitation spectrum from 200 nm to 280 nm. Both ZGO:Mn and ZGGO:
Cr exhibited excellent long-lasting persistent luminescence after a UV
lamp irradiation for 5 min (Fig. 1F). Additionally, ZGO:Mn and ZGGO:Cr
gave stable luminescence over 12 h at a certain pH in a pH range of
6.5-9.5 (Fig. S1).

The prepared PLNPs were first modified with amino group and then
conjugated with cDNA. The N-H stretching bands at 3416 and 3245
cm™!, asymmetric and symmetric stretching bands of ~CH,— at 2930 and
2875 cm ™! and the strong stretching vibrations of O-Si-O at 1121 and
1035 em ! indicate the successful amino functionalization of PLNPs
(Fig. S3). The zeta potential of NH2-ZGO:Mn and NH2-ZGGO:Cr in Tris-
HCI buffer (pH 8.0) was 19.4 and 17.1 mV, respectively, but became
—29.8 and —26.5 mV, respectively, after further modification with the
aptamers (Fig. S4), indicating the successful conjugation of PLNPs with
aptamers.

The prepared NHy-Fe304 displayed good dispersibility with an
average size of 25 + 3 nm (Fig. 2A), a pure magnetite phase (Fig. 2B),
and a saturation magnetization value of 73.1 emu g~' (Fig. 2C). The
vibration band at 590 cm ™! for Fe-O and the characteristic bands at
1631, 1400, 1058 and 883 cm ™! for amino groups indicate the existence
of -NHj on the surface of FegO4 (Fig. 2D). cDNA functionalization made
the zeta potential of NHy-Fe304 in Tris-HCI buffer (pH 8.0) change from
—9.3 mV to —25.3 and —23.6 mV for cDNA;-Fe304 and cDNA5-Fe30y4,
respectively, due to the phosphoric acid skeleton of the aptamer
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Fig. 4. Effect of pH (A) and reaction time (B) on the PL intensity responses of the nanosensor in the presence of 10 ng mL ™' of AFB; and ZEN.
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Fig. 5. Cross reactivity and selectivity of the nanosensor in the presence of
different toxins (AFB; and ZEN: 1 ng mL™}, all other toxins: 10 ng mL™b).

(Fig. S4). Besides, cDNA-Fe304 possessed bigger hydrodynamic size than
NHz—F6304 (Fig. 55).

3.2. Optimization of the developed nanosensor

Important factors including pH, cDNA-Fe304 concentration and re-
action time which might affect the hybridization between Apt-PLNPs
and cDNA-Fe3O4 were optimized first. Study on the effect of pH
showed that pH 8.0 was best for the DNA hybridization (Fig. 3A). The
effect of cDNA-Fe304 concentration was studied with 0.5 mg mL ! of
Apt-PLNPs at pH 8.0. The luminescence intensity of Apt-PLNPs in su-
pernatant after magnetic separation diminished gradually with the in-
crease of cDNA-Fe304 concentration owing to the conjugation of Apt-
PLNPs with cDNA-Fe3O4 (Fig. 3B), then reached a plateau over 0.15
mg mL~! ¢DNA;-Fe504 and 0.125 mg mL~! cDNAy-Fes0y, respectively.
Additionally, the luminescence intensity of supernatant decreased
rapidly in the first 40 min, and then leveled off with further increase of
hybridization time (Fig. 3C). Therefore, 50 min was chosen as the hy-
bridization time.

We then examined the effects of pH and reaction time on the release
of the Apt-PLNPs from 0.5 mg mL~! Apt-PLNPs@cDNA-Fe304 by 10 ng
mL~! AFB; and ZEN. The luminescence of the signal units in supernatant
increased as pH increased to 7.4, then decreased as pH further increased
(Fig. 4A). The result indicates that the optimal pH for the binding of the
aptamer to target was 7.4. Study on the effect of reaction time showed
that the luminescence of the signal units in supernatant exhibited a rapid
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increase in the first 40 min and then levelled off (Fig. 4B), showing the
binding of aptamer to target was complete in 40 min.

3.3. Cross reaction and specificity of the nanosensor

The luminescence recovery by AFB; and ZEN (all at 1 ng mL 1) was
measured to rate the cross reaction of the nanosensor. Fig. 5 shows that
the luminescence signals at 537 nm and 701 nm simultaneously
enhanced when AFB; and ZEN coexisted. In contrast, the luminescence
increased at 537 nm only in the presence of AFB,, and at 701 nm only in
the presence of ZEN. The above results indicate no cross reactivity
during simultaneous detection of AFB; and ZEN.

Five other toxins including ochratoxin A (OTA), fumonisin B; (FB),
trichothecenes A (T-2), aflatoxin By (AFB5), and deoxynivalenol (DON)
(all at 10 ng mL™1) to assess the specificity of the proposed nanosensor
for the determination of AFB; and ZEN at 1 ng mL ™. Fig. 5 shows that
only AFB; and ZEN induced remarked persistent luminescence, while no
other toxins studied produced significant luminescence change even at a
ten times concentration. These results demonstrate that the developed
nanosensor possesses high specificity to AFB; and ZEN.

3.4. Figures of merit of the developed nanosensor

Under optimal conditions, the luminescence intensity increased with
the concentration of AFB; and ZEN (Fig. 6A), and the increased lumi-
nescence intensity (AP) increased linearly with the logarithm of the
concentration of AFB; and ZEN (Capp; and Czgn, Ng mL™Y) in a wide
range from 0.001 ng mL~! to 50 ng mL™! (Fig. 6B). The calibration
functions for the determination of AFB; and ZEN wereAP = 602.11g
Carp1 + 2194.6 (R% = 0.9985) andAP = 663.21gCzen + 2090.6 (R? =
0.9972), respectively. The limits of detection (LODs) (3s) were 0.29 and
0.22 pg mL %, respectively. Comparison with some reported methods for
simultaneous detection of AFB; and ZEN shows that the proposed assay
displayed comparable or even much lower LODs with wider linear range
(Table S1). The relative standard deviations for 11 replicate de-
terminations of AFB; and ZEN at 1 ng mL~! were 2.1% and 2.3%,
respectively.

3.5. Validation and application of the developed nanosensor

The developed method was validated by analyzing a certified refer-
ence material (MRMO753) for AFB; and ZEN in corn. The concentrations
of AFB, and ZEN determined in MRMO0753 by the developed nanosensor
were 27.4 = 1.6 pg kg (n = 5) and 71.3 + 4.0 pg kg ! (n = 5), in good
agreement with the certified values of 26.5 + 5.3 ug kg ! and 74 + 15
pg kg1, respectively, demonstrating the high accuracy of the developed
nanosensor. The developed nanosensor was also applied to the
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Fig. 6. (A) PL signals of the nanosensor at different concentrations of AFB; and ZEN. (B) Plot of the increased PL intensity (AP) against the concentration of AFB,

or ZEN.
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Table 1
Analytical results for the determination of AFB; and ZEN in grain samples.

Samples Concentration determined Recovery for 0.5 pg kg™*
(pg kg™!, mean + s, n = 3) spiked AFB; and ZEN (%)
(mean £+ s, n = 3)
Corn AFB; ND (not detected) 96.5 + 3.7
ZEN 0.726 + 0.035 101.2 + 5.6
Rice AFB, ND 95.8 + 4.9
ZEN ND 94.7 + 3.2
Oats AFB;  0.287 +0.013 96.6 +£7.1
ZEN ND 95.9 + 2.6
Wheat AFB; ND 93.6 + 4.2
ZEN 1.335 + 0.072 97.3 £6.7
Millet AFB; ND 103.2 + 5.0
ZEN ND 98.4 + 2.8
Corn AFB;  0.406 + 0.021 97.1 £6.6
grit ZEN 0.971 + 0.054 105.1 + 4.9

determination of AFB; and ZEN in various grain samples to demonstrate
its applicability in real sample analysis. The analytical results are sum-
marized in Table 1. The recoveries for spiked AFB; and ZEN were in the
range of 93.6%-103.2% and 94.7%-105.1%, respectively. The above
results demonstrate the practical feasibility of the developed nanosensor
for the simultaneous determination of AFB; and ZEN in real samples.

4. Conclusions

In summary, we have developed a nanosensor using dual-colored
PLNPs labeling and magnetic separation for simultaneous determina-
tion of AFB; and ZEN in food samples. The proposed nanosensor com-
bines the merits of autofluorescence-free detection of persistent
luminescence, the high specificity of aptamer and the high speed of
magnetic separation, allows highly sensitive and selective detection of
AFB; and ZEN in complex samples. In addition, the developed method
can also be extendable to other analytes just by replacing the aptamer
and cDNA, providing a universal optical platform for simultaneous
determination of multi contaminants in complex samples.
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