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ARTICLE INFO ABSTRACT

Serious ochratoxin A (OTA) contamination necessitates the development of rapid, sensitive and selective ana-
lytical methods for its determination in food safety. Herein, we report a persistent luminescence resonance
Beer energy transfer (LRET) based aptasensor for the autofluorescence-free detection of OTA. OTA aptamer func-
Aptasensor tionalized persistent luminescence nanorod (PLNR) Zn,GeO4Mn?* and the aptamer complementary DNA
Persistent luminescence . modified gold nanoparticle (AuNP) were used as the donor and the acceptor, respectively. The developed LRET
Autofluorescence-free detection . . . . . ..
aptasensor integrated the advantages of the long-lasting persistent luminescence of PLNR, the high selectivity of
aptamer and the low probe background of LRET sensors, allowing autofluorescence-free detection of OTA in
biological samples with high sensitivity and selectivity. The developed LRET aptasensor gave an excellent lin-
earity in the range of 0.01-10 ng mL ™", the detection limit of 3 pg mL ™" and the precision of 2.7% (RSD,
n = 11) at 1 ng mL~ ! level. The applicability of the developed aptasensor was demonstrated by analyzing beer
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samples for OTA with the recoveries of 92.3%-104%.

1. Introduction

Ochratoxin A (OTA), a foodborne mycotoxin mainly produced by
Aspergillus and Penicillium, exists in various food matrices, such as cer-
eals, coffee, dried fruits, wine, grape juice and beer [1-4]. OTA could
cause hepatotoxic, carcinogenic, nephrotoxic and immunotoxic effects
on humans, so OTA contamination is a critical food safety issue [5,6].
Many countries have set regulatory limits on the level of OTA in
foodstuffs. For instance, European Commission has established the
maximum acceptable level of OTA at 5 pg kg ™! for raw cereal grains,
10 g kg ! for dried fruits, 2 ug kg ™' for grape juice and wine [7,8].

Several analytical techniques have been developed for the detection
of OTA, including high-performance liquid chromatography, mass
spectrometry, gas chromatography, electrochemical method and en-
zyme-linked immunosorbent assay (ELISA) [9-15]. Fluorescence spec-
trometry is increasingly used for biodetection due to its simplicity and
high sensitivity. Quite a few of fluorescent probes including organic
dyes, quantum dots and upconversion nanoparticles have been suc-
cessfully developed for the detection of OTA [16-19]. However, con-
ventional fluorescence methods may suffer from autofluorescence

interferences. Thus, a simple, highly selective and sensitive method for
autofluorescence-free detection of OTA in real samples is desirable.

Persistent luminescence nanoparticles can store excitation energy
and emit long-lasting luminescence slowly after excitation ceases
[20-23]. Such luminescent feature allows optical detection without
external illumination to avoid scattering light and autofluorescence
interferences from complex matrixes and achieve high signal-to-noise
ratio [24-26]. So far, a number of persistent luminescence nano-
particles based probes have been successfully applied in biosensing
[27-29], bioimaging [30-34] and imaging-guided cancer therapy
[35-37]. However, to the best of our knowledge, persistent lumines-
cence nanomaterials based methods for autofluorescence-free de-
termination of OTA have not been reported so far.

Herein, we report a persistent luminescence aptasensor for auto-
fluorescence-free detection of OTA based on luminescence resonance
energy transfer (LRET). OTA aptamer functionalized persistent lumi-
nescence nanorod (PLNR) Zn,GeO4Mn?* was used as the donor and
aptamer complementary DNA (cDNA) modified gold nanoparticle
(AuNP) as the acceptor. The developed aptasensor integrates the ad-
vantages of autofluorescence-free persistent luminescence detection,

* Corresponding author. State Key Laboratory of Food Science and Technology, Jiangnan University, Wuxi, 214122, China.

E-mail address: xpyan@jiangnan.edu.cn (X.-P. Yan).

https://doi.org/10.1016/j.talanta.2020.121101

Received 27 March 2020; Received in revised form 21 April 2020; Accepted 27 April 2020

Available online 01 May 2020
0039-9140/ © 2020 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/00399140
https://www.elsevier.com/locate/talanta
https://doi.org/10.1016/j.talanta.2020.121101
https://doi.org/10.1016/j.talanta.2020.121101
mailto:xpyan@jiangnan.edu.cn
https://doi.org/10.1016/j.talanta.2020.121101
http://crossmark.crossref.org/dialog/?doi=10.1016/j.talanta.2020.121101&domain=pdf

Y.-Y. Jiang, et al.

high selectivity of aptamer and LRET based low probe background,
allowing sensitive and selective detection of OTA in real samples.

2. Experimental
2.1. Materials and reagents

Zinc nitrate hexahydrate (Zn(NO3),6H,0), manganese nitrate (Mn
(NOs3),), germanium oxide (GeO,), chloroauric acid (HAuCl,4H,0), (3-
aminopropyDtriethoxysilane (APTES), 4-(N-maleimidomethyl)cyclo-
hexane-1-carboxylic acid 3-sulfo-N-hydroxysuccinimide ester sodium
salt (Sulfo-SMCC), sodium dodecyl sulfate (SDS), 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES) and tris(hydroxymethyl)ami-
nomethane hydrochloride (Tris-HCl) were purchased from Aladdin
(Shanghai, China). N,N-dimethylformamide (DMF), sodium hydroxide
(NaOH), ammonium hydroxide (NH3H,0), sodium chloride (NaCl),
sodium bicarbonate (NaHCO3), trisodium citrate and concentrated ni-
tric acid (HNO3) were purchased from Sinopharm Chemical Reagent
Co., Ltd. (Shanghai, China). OTA, aflatoxin B1 (AFB1), and zearalenone
(ZEN) were purchased from Sigma-Aldrich (St. Louis, MO). Ochratoxin
B (OTB), fumonisin (FB1) and deoxynivalenol (DON) were purchased
from Beijing ShiJiAoKe Biotech Co., Ltd. (Beijing, China). The OTA
ELISA Kit was purchased from Shanghai YouLong Biotech Co., Ltd.
(Shanghai, China). The sequence of OTA aptamer and the com-
plementary DNA (SH-cDNA) of OTA aptamer (Sangon Biotechnology
Co., Ltd., Shanghai, China) are shown in Table S1. All chemicals used
are at least analytical grade and used without further purification.

2.2. Instrumentation

Transmission electron microscopic (TEM) images were obtained on
a JEM-2100 transmission electron microscope (200 kV, JEOL, Japan).
X-ray diffraction (XRD) patterns were recorded on a D2 PHASER
powder diffractometer with a CuKa radiation source (Bruker,
Germany). UV-vis absorption spectra were measured on a UV-
3600PLUS UV-vis-NIR spectrophotometer (Shimadzu, Japan).
Persistent luminescence spectra were recorded on an F-7000 fluores-
cence spectrometer (Hitachi, Japan). Photoluminescence quantum yield
was obtained on an FLS920 spectrometer (Edinburgh, UK). Dynamic
light scattering (DLS) and zeta potential were measured on a Nano ZS
Zetasizer (Malvern, UK). Fourier transform infrared (FT-IR) spectra
were acquired on an IS10 FTIR spectrometer (Nicolet, USA).

2.3. Synthesis and functionalization of PLNR

Zn,GeO4:Mn?* PLNR was synthesized according to a hydrothermal
procedure [38,39]. GeO, was dissolved in NaOH solution (2 mol LY
to obtain Na,GeOs solution (1 mol L™1). Mn(NOs), (0.005 mmol) and
Zn(NO3), (2 mmol) were dissolved in 10 mL ultrapure water, and mixed
with 300 pL of HNO;3; (68%, wt) under vigorous stirring. Na;GeOs
(1 mmol) was then dropwise added to the above solution. The mixture
was adjusted to pH 9.0 with NH3-H,0 (28%, wt), kept stirring for 1 h at
room temperature, transferred to a 30 mL Teflon-lined autoclave and
kept at 220 °C for 6 h. The final products were washed several times
with ultrapure water, and dried under vacuum. The obtained PLNR
powder was dispersed in 5 mmol L™ NaOH solution under ultrasonic
treatment for 1 h. After overnight stirring, the resultant colloidal so-
lution was centrifuged and washed with ultrapure water, the resulting
hydroxylated PLNR (PLNR-OH) were thus acquired after vacuum dry.

The amino-functionalized PLNR (PLNR-NH,) was obtained ac-
cording to our previous work [34]. Briefly, 100 mg of PLNR-OH was
dispersed in 40 mL of DMF with sonication, then 400 pL of APTES was
dropwise added under vigorous stirring. The reaction mixture was in-
cubated at 80 °C for 12 h. The obtained PLNR-NH, was collected by
centrifugation, washed with DMF and dried under vacuum.
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2.4. Preparation of OTA aptamer modified PLNR (PLNR-Apt)

Briefly, 3 mg of PLNR-NH, was dispersed in 2.1 mL of HEPES buffer
(10 mmol L™, pH 7.2) under sonication, then 0.9 mg of sulfo-SMCC in
900 pL of DMF was added. The mixture was incubated for 2 h with
gentle shaking. The obtained maleimide-activated PLNR-NH, was
centrifuged at 6000 rpm for 5 min, washed with phosphate buffer saline
(PBS, 137 mmol L™ NaCl, 2.7 mmol L.~ ! KCl, 8.7 mmol L' Na,HPO,
and 1.4 mmol L™! KH,PO,, pH 7.4) three times, and redispersed in
3 mL of PBS buffer. Further functionalization of the OTA aptamer was
performed by mixing 5.6 nmol of aptamer with maleimide-activated
PLNR-NH, with shaking at room temperature for 12 h. The resultant
nanoparticles were collected by centrifugation, and the excess aptamer
was removed by washing with PBS buffer three times. The resulting
PLNR-Apt was finally redispersed in 3 mL of Tris-HCl buffer
(10 mmol L™, pH 8.0, containing 10 mmol L~ ! NaCl) for further use.

2.5. Synthesis of cDNA modified AuNP (AuNP-cDNA)

AuNP was prepared according to previous publications [40,41].
34 uL of SH-cDNA (10 pmol L™') was added to 5 mL of AuNP
(3.4 nmol L™ 1) solution, the mixture was then shaken for 12 h at room
temperature. Phosphate buffer (0.1 mol L™ NaH,PO4-Na,HPO,, pH
7.4) and SDS solution (10%) were added to the mixture to reach a
concentration of 0.01 mol L™! and 0.01%. Subsequently, NaCl solution
(2.0 mol L™1) was slowly added to the above solution within 6 h to
obtain a final NaCl concentration of 0.01 mol L™, The final product
was centrifuged at 10 000 rpm for 15 min, washed with Tris-HCI three
times, then resuspended in Tris-HCl buffer for further use.

2.6. Preparation of beer samples

Beer samples were collected from local supermarkets. 20 mL of the
degassed beer sample was transferred into a 25 mL volumetric flask, the
aqueous solution containing 15% NaCl and 2% NaHCO; was then
added to volume and thoroughly mixed. The resulting solution was
filtered and the filtrate was collected for the determination of OTA by
the developed method. For the recovery experiments, the beer samples
were spiked with various amounts of OTA before sample preparation.

2.7. Procedure for determination of OTA

260 uL of PLNR-Apt (1 mg mL™%), 123 uL of AuNP-cDNA
(1.7 nmol L™ 1) and 1.35 mL of Tris-HCl buffer were added into a 2 mL
calibrated test tube, the mixture was incubated for 120 min at room
temperature. Subsequently, a given concentration of OTA standard
solution or the beer sample solution was added. The solution was then
diluted to volume with ultrapure water and further incubated for
60 min. Finally, the persistent luminescence (PL) intensity was mea-
sured using a fluorescence spectrometer in phosphorescence mode with
an excitation wavelength of 254 nm. The slit widths for excitation and
emission were both set at 5 nm.

3. Results and discussion
3.1. Design and principle of the LRET aptasensor

Fig. 1 shows the scheme for the development of the PLNR based
LRET aptasensor for autofluorescence-free detection of OTA. To over-
come the problem with the autofluorescence interference encountered
in conventional fluorescence detection, PLNR Zn,GeO,:Mn?" was used
as the luminescence source due to the long lasting persistent lumines-
cence property [21]. The long lasting persistent luminescence permits
the detection of luminescence without the need for external excitation,
thereby eliminating interference associated with background auto-
fluorescence and light scattering from matrixes. To achieve high



Y.-Y. Jiang, et al.

3
S e P

7 Naid L ¢

D NaOH  APTES VARV (:
e = —_—

sulfo-SMCC 2

L% i L
PLNR-Apt

AuNP-cDNA

G PNR Q AP
vy OTA aptamer A\ SH-cDNA

Yy oTA

Talanta 218 (2020) 121101

LRET

8

500 550 600 650
Wavelength (nm)

1200

900

|

PL intensity (a.u.)

600

300

-
%
O O
|

[
450 500 550 600 650
Wavelength (nm)

Fig. 1. Schematic illustration of the PLNR based LRET aptasensor for the detection of OTA.

selectivity and sensitivity for OTA detection, OTA aptamer conjugated
PLNR (PLNR-Apt) was used as the energy donor, while AuNP modified
with partially complementary DNA (AuNP-cDNA) was used as the en-
ergy acceptor because of the easy surface modification and the large
overlap between the absorption spectra of AuNP and the persistent
luminescence emission spectra of PLNR. In the absence of OTA, PLNR-
Apt was hybridized with AuNP-cDNA between the complimentary oli-
gonucleotide pairs, leading to significant luminescence quenching of
PLNR due to the energy transfer from PLNR-Apt to AuNP-cDNA. In the
presence of OTA, the aptamer preferentially bound with OTA to detach
AuNP-cDNA from PLNR-Apt, recovering persistent luminescence for
OTA detection.

3.2. Preparation, surface modification and characterization of PLNR and
AuNP

The PLNR Zn,GeO,:Mn?* was synthesized using a direct hydro-
thermal method [38,39]. The as-prepared PLNR displayed high crys-
tallinity with a standard rhombohedral phase of Zn,GeO,4 (JCPDS 11-
0687) (Fig. 2A), and exhibited good dispersity and typical rod shape
with the mean length and width of ca. 65 nm and 20 nm, respectively
(Fig. 2B). The as-prepared PLNR emitted bright green luminescence at
536 nm due to the *T; (4G)-°A; (°S) transition of Mn?" ions [42],
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which could be excited by UV light from 200 nm to 300 nm (Fig. 2C).
The prepared PLNR gave the quantum yield of 9.4%, and exhibited
excellent long persistent luminescence features after excitation with a
254 nm UV lamp for 5 min (Fig. 2D).

PLNR-NH, was prepared by anchoring -NH, group on the surface of
PLNR using APTES via a sol-gel process [34]. The appearance of the
strong absorption bands of O-Si-O stretching vibration at 1125 and
1040 cm !, the asymmetric and symmetric -CH,- stretching bands at
2933 and 2878 cm !, and the N-H stretching bands between 3416 and
3248 cm ™! in FT-IR spectra confirm the successful amino functionali-
zation of PLNR (Fig. 2E). Subsequent functionalization of PLNR-NH,
with the thiol modified OTA aptamer was performed to obtain PLNR-
Apt through a bifunctional crosslinker sulfo-SMCC. The zeta potential of
PLNR-NH, in Tris-HCI buffer at pH 8.0 was 10.8 mV, whereas further
modification with OTA aptamer caused an opposite shift to —38.5 mV
(Fig. 2F), indicating the successful preparation of PLNR-Apt.

AuNP was prepared using a classical citrate reduction method
[40,41]. The synthesized AuNP was spherical with an uniform size of
13 *= 2 nm (Fig. 3A) and a strong visible absorption band at ap-
proximately 520 nm overlapping greatly with the persistent lumines-
cence emission spectrum of PLNR (Fig. 3B), which enabled the LRET
process between PLNR and AuNP. SH-cDNA modification of AuNP gave
AuNP-cDNA with an obvious increase in the visible absorption peak
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Fig. 2. (A) XRD pattern of the as-prepared PLNR. (B) TEM image of the as-prepared PLNR. (C) Excitation (em. 536 nm) and emission (ex. 254 nm) spectra of the as-
prepared PLNR aqueous solution (Excitation: 0.1 mg mL~!; emission: 0.2 mg mL ™). The inset shows photo of the as-prepared PLNR powder under UV excitation. (D)
Persistent luminescence decay curve of PLNR monitored at 536 nm after 5-min excitation with a 254 nm UV lamp. (E) FT-IR spectra of PLNR, PLNR-OH and PLNR-
NHo,. (F) Zeta potentials of the functionalized nanoparticles in Tris-HCl buffer (pH 8.0).
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Fig. 3. (A) TEM image of the as-prepared AuNP. (B) Luminescence spectrum of the as-prepared PLNR (0.2 mg mL ') and the absorption spectrum of the as-prepared
AuNP. (C) Hydrodynamic dimeter distribution of the AuNP before and after DNA conjugation.

intensity at 260 nm from the DNA (Fig. S1). Furthermore, AuNP-cDNA
had larger hydrodynamic size than the bare AuNP (Fig. 3C), also in-
dicating successful conjugation of AuNP and SH-cDNA. The zeta po-
tential of AuNP-cDNA in Tris-HCl buffer at pH 8.0 was —38.2 mV
(Fig. 2F). It should be noted that both PLNR-Apt and AuNP-cDNA were
negatively charged, which indicates that the formation of LRET pair
was based on DNA hybridization rather than electrostatic interaction.

3.3. Optimization of detection conditions

We first studied the effect of the concentration of AuNP-cDNA and
reaction time on the hybridization of AuNP-cDNA and PLNR-Apt. The
concentration of AuNP-cDNA was carefully optimized with
0.15 mg mL~' PLNR-Apt. The persistent luminescence intensity of
PLNR-Apt decreased gradually as the concentration of AuNP-cDNA in-
creased due to the formation of LRET pair between PLNR-Apt and
AuNP-cDNA (Fig. 4A). However, the quenching efficiency reached a
plateau over 140 pmol L™! AuNP-cDNA (Fig. 4B). Considering that
excessive AuNP-cDNA would lead to nonspecific quenching, thus was
unfavorable for subsequent luminescence recovery, a AuNP-cDNA
concentration of 120 pmol L™! corresponding to the quenching effi-
ciency of 76.4% was finally selected. The effect of hybridization time on
the persistent luminescence intensity of 0.15 mg mL~' PLNR-Apt was
studied with 120 pmol L~! AuNP-cDNA. The quenched persistent lu-
minescence intensity increased with hybridization time up to 100 min,

then kept unchanged with further increase of hybridization time
(Fig. 4C). Thus, 120 min hybridization time was used for further ex-
periments.

We then tested the effect of reaction time on the recovery of the
persistent luminescence of 0.15 mg mL~! PLNR-Apt in the presence of
120 pmol L™! AuNP-cDNA after adding 5 ng mL~' OTA. The result
shows that 40 min was sufficient to quantitatively recover the persistent
luminescence of 0.15 mg mL~?! PLNR-Apt (Fig. 4D). So, 60 min was
selected to ensure the recovery of the persistent luminescence in further
work.

Control experiments were carried out to confirm that the persistent
luminescence quenching was caused by the nucleic acid hybridization
of PLNR-Apt with AuNP-cDNA (Fig. S2). The presence of AuNP
(120 pmol L™ %) to PLNR-Apt (0.15 mg mL ™) did not lead to obvious
change of the persistent luminescence of PLNR-Apt. In contrast, the
persistent luminescence of PLNR-Apt was significantly quenched in the
presence of AuNP-cDNA (120 pmol L™1). The results suggest that
PLNR-Apt and AuNP-cDNA were closed to each other via strong hy-
bridization between complementary DNA and OTA aptamer, leading to
the occurrence of LRET process.

3.4. Analytical performance of the developed LRET aptasensor

The detection of OTA under optimal conditions was performed. The
persistent luminescence of PLNR-Apt was maximally quenched by

Fig. 4. (A) Effect of AuNP-cDNA concentration on
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Fig. 5. (A) Recovery of PL intensity in the presence of different concentrations of OTA. (B) Plot of recovered PL intensity versus the concentration of OTA.

AuNP-cDNA in the absence of OTA (Fig. 4A), but recovered in the
presence of OTA (Fig. 5A). The recovered luminescence intensity in-
creased with the concentration of OTA (Fig. 5A and B). A good linear
relationship between the recovered persistent luminescence intensity
(Ap) and the natural logarithm of OTA concentration (Cora, ng mL™ Y
was obtained in a range from 0.01 to 10 ng mL™~' with a linear re-
gression equation of AP = 186logCora + 435 (R? = 0.9974). The limit
of detection (LOD) (3s) was calculated to be 3 pg mL ™!, which is less
than or comparable to those of some reported methods based on na-
nomaterials for OTA detection (Table S2). The precision for 11 replicate
detections of OTA at 1 ng mL ™! was 2.7% (relative standard deviation,
RSD).

3.5. Specificity of the developed LRET aptasensor

To investigate the specificity of the developed LRET aptasensor for
OTA detection, the influence of five other mycotoxins, including
ochratoxin B (OTB), fumonisin (FB1), aflatoxin B1 (AFB1), deox-
ynivalenol (DON) and zearalenone (ZEN) were examined. The con-
centration of these mycotoxins used was 10 ng mL ™", which is ten times
the concentration of OTA. Each type of mycotoxin was added to the
prepared detection system individually, and the intensity of the lumi-
nescence recovery was recorded after incubation. The results show that
only OTA induced a significant persistent luminescence recovery, while
none of other mycotoxins caused obvious luminescence changes
(Fig. 6), which is attributed to the specific affinity of the aptamer to-
ward OTA. The above results clearly demonstrate that the designed
LRET aptasensor has excellent specificity for OTA detection.

0 B l_:l B e nim
I LD
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Fig. 6. Luminescence response of the LRET aptasensor to OTA (1 ng mL™"),
OTB (10 ng mL™ 1), FB1 (10 ng mL~ '), AFB1(10 ng mL '), DON(10 ng mL™")
and ZEN (10 ng mL ™).

3.6. Analytical application

To demonstrate the feasibility and applicability of the developed
LRET aptasensor, the OTA in beer samples was determined and the
recoveries of OTA in the beer samples were measured by spiking the
OTA standard solution. Briefly, four kinds of beer samples were spiked
with OTA standard solutions in the range of 0.05-0.5 ng mL™*. The
results for the determination of OTA in the beer samples by the de-
veloped LRET aptasensor are compared with those obtained by the
ELISA method (Table 1). The developed LRET aptasensor and the ELISA
method gave consistent analytical results. Moreover, the recovery for
the spiked OTA ranged from 92.3% to 104%. The results indicate that
the applicability of the developed LRET aptasensor for the analysis of
real samples.

4. Conclusions

In summary, we have developed a persistent luminescence nano-
materials based LRET aptasensor for the determination of OTA. The
developed LRET aptasensor exhibits excellent sensitivity and selectivity
because of the long-lasting afterglow feature of PLNR and the high
specificity of aptamer toward OTA. Furthermore, the developed LRET
aptasensor is capable of detecting OTA in beer samples without auto-
fluorescence interference. This work provides a promising optical sen-
sing strategy for the detection of contaminants in food samples.

Table 1
Analytical results for the determination of OTA in beer samples.

Sample  Spiked Concentration determined (Mean * s, Recovery (%)
OTA (ng n = 3) (ng mL™ 1) (Mean = s,
mL™") n = 3)
Our method ELISA method
Beer 1 0 ND ND -
0.05 0.046 + 0.003 0.052 * 0.003 92.6 + 5.1
0.1 0.095 = 0.005 0.092 + 0.004 95.2 * 4.8
0.5 0.473 + 0.018 0.487 + 0.013 947 * 3.6
Beer2 0 0.131 = 0.006 0.139 + 0.005 -
0.05 0.177 * 0.009 0.162 + 0.007 97.8 £ 4.8
0.1 0.234 = 0.006 0.211 * 0.010 101 = 3
0.5 0.602 = 0.034 0.645 + 0.017 954 + 5.3
Beer 3 0 ND ND -
0.05 0.046 =+ 0.002 0.047 + 0.002 923 * 4.0
0.1 0.098 =+ 0.007 0.108 + 0.004 981 * 7.2
0.5 0.519 *= 0.026 0.490 + 0.016 104 = 5
Beer 4 0 ND ND -
0.05 0.048 =+ 0.003 0.045 + 0.002 96.4 * 6.3
0.1 0.102 + 0.008 0.113 + 0.005 103 = 7
0.5 0.481 = 0.019 0.520 + 0.021 96.3 = 3.8

ND: Not detected.
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