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Antibody- and aptamer-based competitive
ﬂuorescence polarization/anisotropy assays for
ochratoxin A with tetramethylrhodamine-labeled
ochratoxin A†
Yapiao Liab and Qiang Zhao
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Ochratoxin A (OTA) is one of the mycotoxins that often contaminate a variety of food stuﬀs, and it is
a potential carcinogen for humans. Taking advantage of selective aﬃnity binding and simple, rapid, and
sensitive ﬂuorescence polarization (FP)/ﬂuorescence anisotropy (FA) analysis, here, we report two
competitive FP/FA assays for OTA using tetramethylrhodamine (TMR)-labeled OTA as a ﬂuorescence
tracer and either antibody or aptamer as an aﬃnity ligand to recognize OTA. In the absence of OTA, the
TMR-labeled OTA binds with a large-sized aﬃnity ligand, showing a high FA value due to the slow
rotation of the aﬃnity complex. When OTA is present, OTA competes with the TMR-labeled OTA tracer
in binding limited amount of aﬃnity ligand, causing more free TMR-labeled OTA and a signiﬁcant FA
decrease. We found that the antibody showed a stronger aﬃnity towards TMR-labeled OTA compared to
the aptamer. The antibody-based FA assay showed higher signal changes than the aptamer based FA
assay due to the larger size of antibody over aptamer. The antibody-based competitive FA assay enabled
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the detection of 2.4 nM OTA, while the aptamer-based FA assay also achieved a detection limit of
2.4 nM OTA at 10  C with the help of streptavidin conjugation to increase the molecular size and to

DOI: 10.1039/d1ay00003a

improve aptamer aﬃnity. These two competitive FA assays were selective, showing capability for analysis
in diluted red wine.
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1. Introduction
Ochratoxin A (OTA), a mycotoxin produced by Aspergillus and
Penicillium fungi, is a common contaminant of a variety of food
and agricultural commodities, e.g., peanuts, corn, grains,
grapes, and dried fruits.1,2 OTA is a potential carcinogen (group
2B) for humans.1,2 Sensitive and rapid detection of OTA is
demanded in environmental analysis, food safety and quality
control. High performance liquid chromatography (HPLC) and
mass spectrometry (MS) combined with special sample preparation are oen used for sensitive quantication of OTA,3,4 but
they usually have some limitations such as time-consuming and
laborious processes, expensive instruments, and requirement
of professional personnel.
Fluorescence polarization/anisotropy (FP/FA) analysis is
a homogenous uorescence method measuring the rotation
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change of uorescent molecule under polarized excitation light,
and it is useful for the study of molecular binding and assay
developments.5,6 The FP/FA method provides a rapid, simple,
sensitive, and robust approach for target detections.5–7 FP and
FA are two interchangeable terms, and they are frequently used
in the assays. We prefer using the FA term unless otherwise
stated. The immune-uorescence polarization (FP) assay (also
called uorescence polarization immunoassay (FPIA)) is an
oen used FP assay for the detection of small molecules by
taking the advantage of an antibody as an aﬃnity ligand and
a uorescently labeled small molecule probe.7–9 In the immuneFP assay, the uorescent probe rotates rapidly and has a low FP
value in an unbound state. The FP value of the probe increases
when the uorescent probe binds with the antibody due to the
increase in the molecular volume and slow rotation. The small
molecule target competes with the uorescent probe in binding
antibody, leading to a decrease in FP. A few immune-FP/FA
assays have been applied to OTA detection with the antibody
and the uorescein (FAM)-labeled OTA probe, achieving the
detection of OTA at nM levels.8–15 One reported immune-FP
assay for the OTA analysis in a red wine sample allowed to
detect 1.7 nM OTA.11
Aptamer is a nucleic acid aﬃnity ligand, showing some
advantages over the antibody, such as easy preparation and
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labeling with functional groups, high stability, low cost, and
ease of modulating the molecular mass of aptamer.6,16–20
Recently, aptamer-based FP/FA assays have attracted increasing
attention for the detection of small molecules.7,9,20 Since the
selection of DNA aptamer specically binding OTA was reported,21 new and diverse formats of FP/FA assays (e.g., direct
assay and competitive assay) for OTA detection have been
developed.20,22–25
Samokhvalov et al. reported a competitive FP assay for OTA
using the FAM-labeled OTA as a uorescence tracer and the
aptamer-streptavidin-IgG conjugate as a large-sized aﬃnity
ligand,24 and the reported detection limit was about 3.6 nM.
Tetramethylrhodamine (TMR) is another one of the commonly
used uorophores in numerous uorescence assays.5–7,9 TMR
and FAM both have high quantum yield; however, TMR has
a relatively shorter uorescence lifetime than FAM. In neutral
solutions, TMR is positively charged, while FAM is negatively
charged, and FAM and TMR may have diﬀerent interactions
with protein or DNA.5–7,9 By now in the competitive FP/FA assays
using aptamer or antibody for OTA, the use of TMR-labeled OTA
as a uorescent probe is still rarely reported. It is worth
exploring to use TMR-labeled OTA in the competitive FP/FA
assays. In addition, the comparison of aﬃnity properties and
performances of aptamer and antibody towards OTA in the FA
analysis is limited.
In this study, we reported competitive FA assays for OTA
using TMR-labeled OTA as a uorescent probe and the antibody
or the DNA aptamer as an aﬃnity ligand. We obtained the TMRlabeled OTA by the reaction between the carboxylic group OTA
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and the amino group of the TMR uorophore, which was reported in our previous study.26 Scheme 1 shows the principle of
the antibody-based or the aptamer-based competitive FA assays
using the TMR-labeled OTA. The complex of the uorescent
probe and the aﬃnity ligands (antibody (Scheme 1a) and
aptamer (Scheme 1b)) has a large molecular volume, so the
TMR-labeled OTA probe rotates slowly and shows a high FA
signal. With the addition of OTA in the sample solution, OTA
competes with the TMR-labeled OTA probes, and more TMRlabeled OTA probes become unbound, which tumble rapidly,
so FA signal decreases. We determined the binding aﬃnities of
the antibody and the aptamer towards the TMR-labeled OTA via
the FA analysis. We then developed antibody-based competitive
FA assay and aptamer-based competitive FA assays, and
compared their performances.

2.

Experimental

2.1

Chemical and reagents

The mouse monoclonal antibody specic to OTA was purchased
from Abcam. The unlabeled aptamer for OTA (50 -GAT CGG GTG
TGG GTG GCG TAA AGG GAG CAT CGG ACA-30 ) and the biotinylated aptamer at the 30 end were synthesized and puried by
Sangon Biotech (Shanghai, China). Ochratoxin A (OTA), ochratoxin B (OTB), fumonisin B1 (FB1), fumonisin B2 (FB2), aatoxin B1 (AFB1), zearalenone (ZAE) were purchased from
Pribolab (Singapore) Co. Ltd. The details of preparation procedures and purication of the TMR-labeled OTA probes were
provided in our previous report.26 We obtained three TMRlabeled OTA probes, denoted as probe 1, probe 2 and probe 3,
and the corresponding retention times were 6.3 min, 8 min, and
9.3 min, respectively, during HPLC purication.26 Ultrapure
water was obtained from a Purelab Ultra Elga Labwater system.
Other reagents used in the experiment were of analytical grade.
Red wine was purchased from the local supermarket (UK).

2.2

Scheme 1 Schematic of antibody-based competitive FA assays (a) and
aptamer-based competitive FA assays (b) for OTA by using the TMRlabeled OTA probe. The binding of the TMR-labeled OTA probe and
the aﬃnity ligands (antibody or aptamer) slows down the rotation of
the TMR label and causes a high FA value. The presence of OTA in
a sample solution leads to a FA decrease because more TMR-labeled
OTA probes become unbound due to the OTA competition in binding
with the aﬃnity ligand.

This journal is © The Royal Society of Chemistry 2021

Competitive FA assay

FA measurements were performed by a JASCO uorescence
spectrometer (FP-8300, Japan), which was equipped with
a thermostat for the temperature control. An FA signal was
determined with excitation at 555 nm and emission at 580 nm.
The slits of excitation and emission were both set at 5 nm.
In the antibody-based competitive FA assay, 2 nM TMRlabeled OTA probe 1, 2 nM antibody and various concentrations of OTA were incubated in a 1 PBS buﬀer (10 mM
Na2HPO4, 1.75 mM KH2PO4, 2.7 mM KCl, and 137 mM NaCl)
(pH 7.5). The detection temperature for the FA analysis was
25  C unless otherwise stated.
In the aptamer-based competitive FA assay, 20 nM TMRlabeled OTA probe 1, 50 nM aptamer or streptavidinconjugated aptamer and various concentrations of OTA were
mixed with the binding buﬀer (10 mM Tris–HCl (8.5), 20 mM
CaCl2, and 120 mM NaCl). The streptavidin-conjugated aptamer
was obtained via incubation streptavidin and biotin-labeled
aptamer at a ratio of 1 : 1 for 30 min at 4  C. The detection

Anal. Methods, 2021, 13, 1612–1617 | 1613

Published on 05 March 2021. Downloaded by RESEARCH CENTRE FOR ECO-ENVIRONMENTAL SCIENCES, CAS on 10/14/2021 3:12:42 AM.

View Article Online

Analytical Methods

Paper

temperature for the aptamer-based FA assays was 10  C unless
otherwise stated.
Triplicate analyses were performed in the FA assays, and the
error bar in the graphs was the standard deviation from three
measurements.

3.
3.1

Results and discussion
Antibody-based competitive FA assay for OTA

We prepared the TMR-labeled OTA by a reaction between the
carboxylic group OTA and the amino group of the TMR uorophore, and the details were reported in our previous study.26
We obtained three TMR-labeled OTA (probe 1, probe 2 and
probe 3), and the retention times of probe 1, probe 2 and probe
3 were 6.3 min, 8 min, and 9.3 min, respectively, during HPLC
purication.26 They were identied as three isomers.26
We applied the FA titration analysis to investigate the aﬃnity
binding between the TMR-labeled OTA probes and the antibody
in the binding buﬀer (Fig. 1).6 In the absence of the antibody,
the TMR-labeled OTA probes (20 nM) showed a low FA value.
With increasing antibody, the FA value gradually increased until
it reached a saturated value as the antibody binding caused an
increase in the molecular volume and a slowing-down rotation
of uorescent probe. The maximum FA increases caused by the
antibody binding were about 0.235, 0.248 and 0.242 for probe 1,
probe 2 and probe 3, respectively. Through the FA titrations and
nonlinear ttings,6,25,27 the dissociation constants (Kds) of the
antibody were determined to be 2.3  0.4 nM for probe 1, 4 
1 nM for probe 2 and 1.6  0.5 nM for probe 3, which were
similar to the previously determined Kds of these probes
binding to the antibody.26 The result shows that the antibody
has strong binding strength to TMR-labeled OTA and unlabeled
OTA.26 We chose probe 1 as the uorescent probe in our
antibody-based competitive FA assay for OTA detection.
Then, we developed a competitive FA assay for OTA using
probe 1 (2 nM) and the antibody (2 nM) by following the principle shown in Scheme 1a. In the absence of OTA, probe 1
bound to the antibody, showing high FA values. Upon OTA
addition, the FA value gradually decreased with the increase in

Fig. 2 Detection of OTA with the antibody-based competitive FA
assay at 25  C. Varying concentrations of OTA were incubated with the
antibody (2 nM) and probe 1 (2 nM).

OTA because OTA competed with probe 1 in binding to the
antibody and more probe 1 became unbound (Fig. 2).
The detection limit was estimated to be about 2.4 nM (0.97 mg
L1) OTA based on a distinguished FA signal change was three
times standard deviation of the signal of the blank sample. The
maximum FA decrease was about 0.228 (the corresponding
maximum FP change was about 0.259, Fig. S1, in the ESI†). The
dynamic detection range for OTA, which can be detected by the
assay with distinguished FA signal changes, was from 2.4 nM to
2500 nM. The detection limit of our antibody-based competitive
FA assay was comparable to or better than some of the previously
reported immuno-FP assays for OTA (Table S1 in ESI†),7,11–15 Of
note, antibodies from diﬀerent sources with diﬀerent aﬃnities
and properties can have eﬀects on the assay performance. Our
antibody-based competitive FA assay using the TMR-labeled OTA
probe showed a larger maximum FA change (or FP change)
caused by OTA than the reported immune-FA assay using the
FAM-labeled OTA probe.11–15
To investigate the assay selectivity towards OTA detection, we
tested other mycotoxins such as OTB, AFB1, FB1, FB2 and ZAE
in the antibody-based competitive FA assay. As shown in Fig. 3,
the tested other mycotoxins (100 nM) did not cause a signicant
decrease in FA. The presence of OTB, AFB1, FB1, FB2 and ZAE
did not interfere with the detection of OTA. These results
demonstrate that this immune-FA assay is selective towards
OTA detection.
To check the feasibility of this antibody-based competitive
FA assay for detecting OTA in a complex sample matrix, we
detected OTA spiked in a 100-fold diluted red wine sample
(Fig. S2 in ESI†). In the diluted red wine, the FA values of the
blank sample were lower than that in the binding buﬀer. With
the increase in OTA, the FA value gradually decreased, and this
FA assay achieved a detection limit of 2.4 nM OTA though the
signal change was lower than that in the binding buﬀer. These
results indicate that this antibody-based competitive FA assay
shows potential for OTA detection in complex sample matrixes.
3.2

Fluorescence anisotropy change of the TMR-labeled OTA
probes (probe 1, probe 2, and probe 3) (20 nM) upon the increase in the
concentrations of the antibody.

Aptamer-based competitive FA assay for OTA

Fig. 1

1614 | Anal. Methods, 2021, 13, 1612–1617

Here, we also reported an aptamer-based competitive FA assay
for OTA by using a DNA aptamer (50 -GAT CGG GTG TGG GTG
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Selectivity test of the antibody-based competitive FA assay
towards OTA. Several diﬀerent mycotoxins (OTB, AFB1, FB1, FB2, and
ZAE) were tested (each of 100 nM) were tested along with OTA (100
nM). The mixture sample contained OTB, AFB1, FB1, FB2, ZAE and OTA
(each of 100 nM).

Fig. 3

GCG TAA AGG GAG CAT CGG ACA-30 ) as an aﬃnity ligand21 and
the TMR-labeled OTA. We determined binding aﬃnities of the
TMR-labeled OTA probes to the aptamer in the FA analysis by
titrating TMR-labeled OTA probes (100 nM) with various
concentrations of the aptamer in the binding buﬀer containing
10 mM Tris–HCl (pH 8.5), 20 mM CaCl2 and 120 mM NaCl.6,25,27
Fig. 4 shows that the FA values of probes increased upon the
addition of the aptamer, and the maximum FA increase was
about 0.057 for probe 1, 0.056 for probe 2, 0.016 for probe 3 at
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25  C (Fig. 4A), which are much lower than the corresponding
FA increase induced by the antibody binding because the
molecule volume of the antibody (150 000 g per mole) is 13-fold
higher than the aptamer (11 311 g per mole). Through FA
titration and nonlinear tting,27 the Kds of the aptamer were
determined to be 116  35 nM for probe 1, 96  6 nM for probe
2, 297  68 nM for probe 3 at 25  C, which were higher than the
Kd of unlabeled OTA binding to the aptamer (Kd about 50
nM).23,27,28 It suggests that the conjugation of the TMR had some
eﬀects on the binding aﬃnity of OTA towards aptamer. In
addition, it demonstrates that the aptamer has a lower aﬃnity
than the antibody in binding to the TMR-labeled OTA probes
and OTA. At a lower temperature (10  C), the maximum FA
increases caused by aptamers were about 0.072 for probe 1,
0.068 for probe 2, and 0.029 for probe 3, respectively (shown in
Fig. 4B), because the low temperature reduces the rotation of
the aﬃnity complexes. The Kds of the aptamer at 10  C were
determined to be 39  7 nM for probe 1, 72  12 nM for probe 2,
35  6 nM for probe 3. The results also suggest the binding
aﬃnity of the aptamer is enhanced at the lower temperature.
Detection at 10  C was applied for the aptamer-based competitive FA assay because the aptamer has a better aﬃnity towards
TMR-labeled OTA at this temperature. We used probe 1 to
develop the aptamer-based competitive FA assay for detecting
OTA.
In the aptamer-based competitive FA assay, 20 nM probe 1,
50 nM aptamer, and various concentrations of OTA were incubated, and FA signals were measured. In the absence of OTA,
the complex of the aptamer and probe 1 showed a high FA value.
The presence of OTA induced the competition between OTA and
probe 1 in binding to the aptamer. With increasing OTA, more
uorescent probes were displaced from the aptamer, and the FA
values gradually decreased (Fig. 5). We achieved the detection of
OTA as low as 2.4 nM, with a dynamic detection range from
2.4 nM to 625 nM, and the maximum FA change was 0.041. To
further improve the FA change, we used the streptavidin (SA)labeled aptamer as the aﬃnity ligand to increase the molecular mass with a large-sized protein as previously reported,20,24

Detection of OTA by the aptamer-based competitive FA assay.
TMR-labeled OTA (probe 1, 20 nM), the aptamer or the streptavidinlabeled aptamer (50 nM) and varying concentrations of OTA were
incubated and measured at 10  C.

Fig. 5

The net ﬂuorescence anisotropy change of TMR-labeled OTA
probes (probe 1, probe 2, and probe 3) upon the addition of various
concentrations of the aptamer at 25  C (A) and 10  C (B).
Fig. 4
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which has a larger molecular volume than the aptamer. The SAconjugated aptamer was prepared by incubating the SA and
biotin-labeled aptamer at a ratio of 1 : 1. By using this signal
amplication strategy, the maximum FA change was improved
to 0.078, and the detection limit of OTA was 2.4 nM with
a dynamic detection range from 2.4 nM to 2500 nM. For
comparison, the FA assay using aptamer with or without the SA
label at 25  C showed smaller FA signal changes and higher
detection limits due to the eﬀects of temperature on the
aptamer aﬃnity and FA signal (Fig. S3 in ESI†). At 25  C, the FA
assay using the aptamer gave a detection limit about 10 nM,
while the FA assay using the SA-labeled aptamer allowed
a detection limit about 5 nM. It shows at 25  C that the
maximum FA signal change from the aptamer-based FA assay is
much smaller than that from the antibody-based assay because
of the smaller size of the aptamer and the more exible structure of the aptamer. At 25  C the signal enhancement from the
streptavidin conjugate is not remarkable in the aptamer-based
assay, and it may be due to the exible structure of the
aptamer and local rotation of the uorophore. The aptamerbased FA assay at 10  C showed a similar OTA detection limit
to that of our antibody-based FA assay mentioned above and
some of previous FA assays (Table S1 in ESI†).9,20,22–25 However,
the maximum FA change obtained by the aptamer-based FA
assay was still lower than that obtained by the antibody-based
FA assay (Fig. 2) due to the smaller size of the aptamer (or the
SA-labeled aptamer) than the antibody. We found that the
aptamer had a weaker aﬃnity to the uorescently labeled OTA
than the antibody and a low detection limit was still observed in
the assay using the aptamer at 10  C. One possible reason is that
low temperatures also enhance the aﬃnity of the aptamer
towards the unlabeled OTA, and the aptamer still has high
aﬃnity towards unlabeled OTA though the aptamer shows
a lower aﬃnity towards the TMR-labeled OTA.23,27,28 In addition,
the antibody binds to OTA with a binding ratio of 1 : 2, while the
aptamer has a binding ratio of 1 : 1 to the OTA. The diﬀerence
in binding stoichiometry may also aﬀect the detection limit.
The aﬃnity ligand with 1 : 1 binding ratio and high aﬃnity is
preferred in the assay to detect low concentration of the target.
This aptamer-based FA assay was selective towards OTA
detection (Fig. S4 in ESI†), and was feasible to detect OTA in
diluted red wine samples (Fig. S5 in ESI†). When OTA spiked in
100-fold diluted red wine samples, the net FA changes were
similar to that obtained in the binding buﬀer solution. In 100fold diluted red wine samples, the detection limit of OTA was
about 1.2 nM, suggesting that some components in red wine
may inuence the assay. These results show that this competitive FA assay can be used to detect OTA in the complex sample
matrix.

4. Conclusions
In summary, we reported two competitive FA assays using the
TMR-labeled OTA as a uorescent probe and employing the
antibody or the aptamer as aﬃnity ligands. The antibody
showed a higher binding aﬃnity towards OTA than the
aptamer. Both of antibody-based FA assay and the aptamer-
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based FA assay allowed the detection of OTA, and a larger FA
change was obtained in the FA assay using the antibody because
the antibody has a larger molecular volume than the aptamer.
In the aptamer-based FA assay, the FA signal change can be
further enhanced by conjugating a large-sized protein (e.g.,
streptavidin) onto the aptamer, and performing analysis at
a low temperature increased the aptamer aﬃnity. Both the
antibody-based and the aptamer-based FA assays are selective
and promising in applications for the rapid detection of OTA.

Conﬂicts of interest
There are no conicts to declare.

Acknowledgements
We are grateful for the support from National Natural Science
Foundation of China (Grant No. 21874146, 21435008,
21575153).

Notes and references
1 Y. Tao, S. Xie, F. Xu, A. Liu, Y. Wang, D. Chen, Y. Pan,
L. Huang, D. Peng and X. Wang, Food Chem. Toxicol., 2018,
112, 320–331.
2 L. Al-Anati and E. Petzinger, J. Vet. Pharmacol. Ther., 2006, 29,
79–90.
3 A. Visconti and A. De Girolamo, Food Addit. Contam., 2005,
22, 37–44.
4 L. Monaci and F. Palmisano, Anal. Bioanal. Chem., 2004, 378,
96–103.
5 D. M. Jameson and J. A. Ross, Chem. Rev., 2010, 110, 2685–
2708.
6 Q. Zhao, J. Tao, W. Feng, J. S. Uppal, H. Peng and X. C. Le,
Anal. Chim. Acta, 2020, 1125, 267–278.
7 H. Zhang, S. Yang, K. De Ruyck, N. V. Beloglazova,
S. A. Eremin, S. De Saeger, S. Zhang, J. Shen and Z. Wang,
TrAC, Trends Anal. Chem., 2019, 114, 293–313.
8 D. S. Smith and S. A. Eremin, Anal. Bioanal. Chem., 2008, 391,
1499–1507.
9 O. D. Hendrickson, N. A. Taranova, A. V. Zherdev,
B. B. Dzantiev and S. A. Eremin, Sensors, 2020, 20, 7132.
10 C. Maragos, Toxins, 2009, 1, 196–207.
11 F. Zezza, F. Longobardi, M. Pascale, S. A. Eremin and
A. Visconti, Anal. Bioanal. Chem., 2009, 395, 1317–1323.
12 V. Lippolis, M. Pascale, S. Valenzano, A. C. R. Porricelli,
M. Suman and A. Visconti, Food Anal. Methods, 2014, 7,
298–307.
13 W. B. Shim, A. Y. Kolosova, Y. J. Kim, Z. Y. Yang, S. J. Park,
S. A. Eremin, I. S. Lee and D. H. Chuang, Int. J. Food Sci.
Technol., 2004, 39, 829–837.
14 J. H. Park, D. H. Chuang and I. S. Lee, J. Life Sci., 2006, 16,
1006–1013.
15 A. P. Bondarenko and S. A. Eremin, J. Anal. Chem., 2012, 67,
790–794.
16 B. Gulbakan, Anal. Methods, 2015, 7, 7416–7430.

This journal is © The Royal Society of Chemistry 2021

Published on 05 March 2021. Downloaded by RESEARCH CENTRE FOR ECO-ENVIRONMENTAL SCIENCES, CAS on 10/14/2021 3:12:42 AM.

View Article Online

Paper
17 M. R. Gotrik, T. A. Feagin, A. T. Csordas, M. A. Nakamoto and
H. T. Soh, Acc. Chem. Res., 2016, 49, 1903–1910.
18 J. Zhou and J. Rossi, Nat. Rev. Drug Discovery, 2017, 16, 181–
202.
19 M. Jarczewska, Ł. Gorski and E. Malinowska, Anal. Methods,
2016, 8, 3861–3877.
20 Q. Zhao, J. Tao, J. S. Uppal, H. Peng, H. L. Wang and X. C. Le,
TrAC, Trends Anal. Chem., 2019, 110, 401–409.
21 J. A. Cruz-Aguado and G. J. Penner, J. Agric. Food Chem., 2008,
56, 10456–10461.
22 J. A. Cruz-Aguado and G. Penner, Anal. Chem., 2008, 80,
8853–8855.
23 Q. Zhao, Q. Lv and H. Wang, Anal. Chem., 2014, 86, 1238–
1245.

This journal is © The Royal Society of Chemistry 2021

Analytical Methods
24 A. V. Samokhvalov, I. V. Safenkova, S. A. Eremin,
A. V. Zherdev and B. B. Dzantiev, Anal. Chim. Acta, 2017,
962, 80–87.
25 Y. Li, N. Zhang, H. Wang and Q. Zhao, J. Agric. Food Chem.,
2020, 68, 4277–4283.
26 Y. Li, N. Zhang, H. Wang and Q. Zhao, Analyst, 2020, 145,
651–655.
27 X. Geng, D. Zhang, H. Wang and Q. Zhao, Anal. Bioanal.
Chem., 2013, 405, 2443–2449.
28 A. V. Samokhvalov, I. V. Safenkova, S. A. Eremin,
A. V. Zherdev and B. B. Dzantiev, Anal. Chem., 2018, 90,
9189–9198.

Anal. Methods, 2021, 13, 1612–1617 | 1617

