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ABSTRACT: Beneﬁting from speciﬁc target recognition by antibodies, the immunoassay is
one of the widely used assays for the detection of biologically and environmentally important
small molecules in broad ﬁelds. It can be challenge to isolate small molecules from their
antibody complex in an immobilization-free immunoassay with separation for the detection
of small-molecule targets. Here we present an immunoassay mediated by a triply functional
DNA probe. A DNA strand is dually labeled with a ﬂuorophore and the target small
molecule. This DNA probe integrates three functions, including speciﬁc binding to the
antibody, signal reporting for sensitive ﬂuorescence detection, and carrying negative charges
to facilitate capillary electrophoresis (CE) separation. The binding of the probe to an
antibody brings many negative charges in the complex and causes signiﬁcant changes in
mass-to-charge ratios, so the antibody−probe complex can be well separated from the
unbound probe in CE analysis. A simple immunoassay is achieved by target competition with
this DNA probe for antibody binding in CE coupled to ultrasensitive laser-induced
ﬂuorescence (LIF) detection. To show a proof of concept, we detected two model small-molecule targets, digoxin, a therapeutic
drug, and ochratoxin A (OTA), an important mycotoxin for food safety. In addition, the use of two DNA probes with distinguished
migration times in CE allowed the simultaneous detection of OTA and digoxin. This immunoassay provides new opportunities for
wide applications.

T

DNA probe is highly negatively charged and usually smaller
than the proteins in size, and the binding of a short DNA to a
large-sized protein causes a signiﬁcant change in the electrophoretic mobility of DNA due to the alternation of the massto-charge ratio.18,20−25 The mobility of the DNA−protein
complex can be modulated by changing the length of the DNA
sequence to vary the number of negative charges.23,26−28 The
CE-LIF approach allows for the sensitive detection of
ﬂuorescently labeled DNA and DNA-binding proteins.21−28
In addition, conjugating DNA on the small molecules can be
achieved by diverse chemical reactions, and DNA-encoded
small molecules have already been widely applied in broad
ﬁelds, such as drug ligand screening.29−32
Here we present an immunoassay for small molecules
mediated by a triply functional DNA probe. We introduce a
DNA probe that has a ﬂuorophore at one end and a smallmolecule target label at the other end. This probe combines
three functions, including speciﬁc binding of the antibody
against the target, loading of a ﬂuorescent reporter for signal

he detection of small molecules (e.g., therapeutic drugs,
mycotoxin, organic pollutant, metabolites, etc.) is
important in many applications, such as disease diagnosis,
clinical tests, food safety, and environment monitoring.1−7
Taking advantage of the speciﬁc recognition of a target by an
antibody,8,9 the immunoassay is one of the widely used assays
for the sensitive and rapid detection of small molecules with
various assay formats.10−16 A competitive immunoassay is
often employed for small-molecule detection because a small
molecule binds with only one antibody.12,14−16 Immobilization-free immunoassays with separation usually need target
competition and the isolation of the antibody-bound and
unbound small molecules to achieve target detection.14,17−20
Among these assays, immunoassays using capillary electrophoresis coupled to laser-induced ﬂuorescence (CE-LIF) oﬀer
the beneﬁts of rapid analysis, high sensitivity, simple operation,
and low consumption of reagents.17−20 The immunoassays
with CE-LIF for small molecules require a ﬂuorescently labeled
small molecule as a ﬂuorescent tracer, and small-molecule
targets compete with the ﬂuorescent tracer in binding to an
antibody.17,19,20 This immunoassay relies on the separation of
the antibody−tracer complex from the unbound tracer during
CE analysis. However, it can be challenging to isolate the
complex from the ﬂuorescent tracer in a free zone and a gelfree CE, and many eﬀorts are needed.17−20
Of note, it is easy to separate the DNA−protein complex
from the unbound DNA probe in a free zone CE because the
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purchased from Pribolab (Singapore). The anti-OTA monoclonal antibody (from mouse) was bought from Abcam.
Grapes were purchased from a local market. Human serum was
obtained from Zhongke Chenyu Biotechnology (Beijing,
China). 1×TG buﬀer (25 mM Tris and 192 mM glycine, pH
8.3) was prepared with chemicals of analytical pure grade
(Sinopharm Chemical Reagent, Shanghai, China). All solutions
were prepared with water (18.2 MΩ) from Elga Labwater
system (Purelab Ultra Genetic). All buﬀers were ﬁltered with a
0.22 μm ﬁlter (Millipore, Bedford, MA).
Apparatus. A laboratory-built CE-LIF system was used.24
A fused-silica capillary (Yongnian Company, Hebei, China;
365 μm o.d., 25 μm i.d.) with a total length of 40 cm was
employed, and the eﬀective length (from the inlet to the
detection window) was 34 cm. For detection, a helium−neon
laser (543.5 nm) (Melles Griot, Irvine, CA) was used for
excitation, and the emitted ﬂuorescence was ﬁltered through a
ﬁlter (model FF01-575/15-25, Rochester, NY) and collected
by a photomultiplier tube (PMT). The signal from the PMT
was analyzed by an HW-2000 chromatographic workstation
(Qianpu Software, Shanghai, China).
Immunoassays of Small Molecules. To detect smallmolecule targets (digoxin and OTA), we incubated targets
with the corresponding ﬂuorescent DNA-labeled probes (5
nM) and the antibody (10 nM) in the sample buﬀer containing
10 mM Tris-HCl (pH 7.5) and 0.1 mg/mL γ-IgG (100 μL)
unless otherwise statement. After incubation for 15 min in an
ice box, the sample was injected by applying a positive voltage
of 15 kV for 5 s. CE separation was performed in 1×TG buﬀer
by applying a voltage of 20 kV at 25 °C. In CE experiments,
before each injection of the sample, the capillary was rinsed
with 20 mM NaOH for 3 min, water for 2 min, and 1×TG
buﬀer for 2 min, respectively.

generation in LIF detection, and facilitating the CE separation
of its antibody complex as a carrier of abundant negative
charges (Figure 1). This DNA probe selectively binds to the

Figure 1. Schematic showing the principle of the immunoassay for
small-molecule targets with a triply functional DNA that integrates the
three unique functions of antibody binding, a ﬂuorescent reporter,
and a negative charge carrier for capillary electrophoresis coupled to
laser-induced ﬂuorescence (CE-LIF) separation and detection.

antibody against the target and brings many negative charges
on the complex, causing a large change in the charge-to-mass
ratio, so the DNA probe-bound antibody can be well isolated
from the unbound probe in CE and measured by LIF detection
(Figure 1). In the presence of targets, the target competes with
the DNA probe in binding to a limited amount of antibody,
and such competition will lead to an increase in the unbound
DNA probe peak (Figure S1 in the Supporting Information
(SI)). To show a proof of concept, we achieved the detection
of two model small-molecule targets, digoxin, a therapeutic
drug, and ochratoxin A (OTA), an important mycotoxin for
food safety. Additionally, the use of two DNA probes of
distinguished migration times in CE enabled the simultaneous
detection of two targets in a single CE run. This strategy holds
promise in immunoassays for small molecules by converting
the target detection to the quantiﬁcation of a DNA probe in
CE.

■

RESULTS AND DISCUSSION
To show a proof of principle of the proposed strategy, we ﬁrst
attempted to detect digoxin, a natural product and drug related
to heart health and toxicity,33,34 by using the antibody against
digoxin and the DNA probe of digoxin (Figure 2). The DNA
probe for digoxin was designed by conjugating digoxigenin on
the 3′ end of the polyT oligonucleotide that has a ﬂuorophore
Cy3 label at the 5′ end (Cy3-polyT-Dig) (Table S1 in SI). The
antidigoxin antibody can bind to the digoxigenin-labeled DNA.
The length of the DNA ranged from 1 to 60 T’s, and the
number of negative charges on the DNA was proportional to
the number of nucleotides, as each nucleotide possessed one
negative charge. During CE separation, the Cy3-T-Dig probe
with only one T migrated at a short time (∼1.2 min) (Figure
2A). With the increase in the length of polyT, the migration
time of the DNA probe increased until it reached ∼2.5 min,
when the polyT length was 9 T’s (Figure 2A). When the DNA
length was longer than 9 T’s, the polyT ﬂuorescent probes all
appeared at almost the same time around 2.5 min (Figure 2C)
due to the close mass-to-charge ratios of these DNA probes
(Figure S3 in SI).23
When the antidigoxin antibody was present in the sample
buﬀer, the antibody−probe complex was formed. For the DNA
probes with a short polyT (Cy3-T1-Dig, Cy3-T2-Dig, and
Cy3-T3-Dig), the antibody-bound probes and the unbound
probes were not separated. When the lengths of DNA probes
were longer than three T’s, the complex peaks were well
separated from the unbound probe during CE separations, and
the unbound probe peaks signiﬁcantly decreased upon the

■

EXPERIMENTAL SECTION
Chemicals and Materials. DNA oligonucleotide probes
were synthesized, puriﬁed with high-performance liquid
chromatography (HPLC), and identiﬁed with mass spectrometry by Sangon Biotech (Shanghai, China). The DNA
sequences and modiﬁcations are listed in Table S1 in the SI.
Some DNA oligonucleotides had a ﬂuorophore Cy3 moiety at
the 5′ end and a digoxigenin (denoted as Dig) label at the 3′
end, and the digoxigenin structure was the same as the steroid
moiety of digoxin (Figure S2 in the SI). The OTA-labeled
DNA probe was prepared in our laboratory. γ-globulins from
human blood (γ-IgG), the antidigoxin monoclonal antibody,
digoxin, and sulfo-N-hydroxysulfosuccinimide (sulfo-NHS)
were ordered from Sigma (St. Louis, MO). N,N′-dicyclohexylcarbodiimide (DCC) was obtained from Innochem (Beijing,
China). Ochratoxin A (OTA), aﬂatoxin B1 (AFB1), fumonisin
B1 (FB1), fumonisin B2 (FB2), and zearalenone (ZAE) were
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Figure 2. Electropherograms of DNA probes of digoxin (the length of
polyT DNA ranging from 1 to 10 T’s; 5 nM) in the absence of
antidigoxin antibody (A) and in the presence of antidigoxin antibody
(10 nM) in sample buﬀer (B). Electropherograms of DNA probes for
digoxin (the length of polyT DNA ranging from 10 to 60 T’s; 5 nM)
in the absence of antibody (C) and in the presence of antibody (10
nM) in sample buﬀer (D). The length of polyT of the DNA probe of
digoxin is shown at the corresponding electropherogram traces.
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Figure 3. (A) Electropherograms of CE-LIF separation of a sample
containing Cy3-T20-Dig (5 nM) and varying concentrations of
antibody. The concentrations of antibody are indicated at the
electropherogram curves. (B) Electropherograms for the detection of
varying concentrations of digoxin using Cy3-T20-Dig (5 nM) and
antibody (10 nM) in the immunoassay. The concentrations of digoxin
are indicated at the electropherogram curves. (C) Relationship
between the peak area of the aﬃnity complex and the concentrations
of digoxin. (D) Relationship between the peak area of the unbound
ﬂuorescent probe and the concentrations of digoxin.

addition of the antibody (Figure 2B,D). The migration times
of the complex of the antibody and the DNA probes were in
the range of 1.2 to 1.9 min. Extending the length of the DNA
sequence led to more negative charges and an increase in the
migration time of the antibody−probe complex. The results
show that the antibody -bound ﬂuorescent probes can be well
and simply isolated from the unbound ﬂuorescent probes in a
free zone CE mode by using the ﬂuorescent probe with a
certain length of DNA sequence to carry enough negative
charges (longer than 3 T’s).
We chose the Cy3-T20-Dig as the ﬂuorescent probe for the
detection of digoxin in the CE immunoassay because a
relatively larger diﬀerence in the migration times of the
antibody-bound probe and the unbound probe was obtained.
When the antibody was in the range from 2 to 10 nM, two
complex peaks were observed during the CE analysis, which
can be attributed to the fact that an antibody has two identical
binding sites for the small molecule and can bind to two DNA
probes (Figure 3A). The complex peak at the shorter time
corresponded to the complex with a ﬂuorescent-probe-to-

antibody ratio of 1:1, whereas the complex peak at the longer
time came from the complex with a 2:1 ﬂuorescent-probe-toantibody ratio because it carried more negative charges. When
20 nM antibody was applied, the unbound ﬂuorescent probe
greatly decreased, and the complex peak almost became a
single peak instead of two peaks, suggesting that the complex
having a 1:1 ﬂuorescent-probe-to-antibody ratio was the main
form under this condition.
We achieved the detection of digoxin by using the Cy3-T20Dig probe and the antidigoxin antibody (Figure 3B). We
incubated 5 nM Cy3-T20-Dig, 10 nM antibody, and varying
concentrations of digoxin and then conducted the CE-LIF
4796
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Figure 4. (A) Electropherograms of CE-LIF analysis of a sample containing 5 nM Cy3-T20-OTA and varying concentrations of anti-OTA
antibody. The concentrations of antibody are indicated at the electropherogram curves. (B) Electropherograms for the detection of varying
concentrations of OTA by an immunoassay using Cy3-T20-OTA with CE-LIF. The concentrations of OTA are indicated at the electropherogram
curves.

analysis. With the addition of digoxin, the complex peak of the
antibody and Cy3-T20-Dig gradually decreased, whereas the
peak of the unbound Cy3-T20-Dig was enhanced. Measuring
either the decrease in the area of the complex peaks or the
increase in the area of the peak of tracers allowed for the ﬁnal
detection of digoxin (Figure 3C,D). The detection limit of the
assays for digoxin was ∼1 nM by measuring the increase in the
area of the peak of tracers, and digoxin ranging from 1 nM to 1
μM was detected. By using 2 nM antibody and 1 nM Cy3-T20Dig, we achieved the detection of digoxin in the concentration
range from 0.1 to 20 nM in a later study, and the detection
limit was further reduced to 0.1 nM (Figure S4 in the SI). The
assay for digoxin was selective, and other tested amino acids,
antibiotics, and drugs did not cause interference (Figure S5 in
the SI). The digoxin spiked in a dilute urine sample or serum
sample was successfully detected (Figures S6 and S7 in the SI),
indicating that the method was possible for the detection of
digoxin in a complex sample matrix by combining some sample
pretreatments.
To explore whether the strategy is a general approach, we
further demonstrated the detection of OTA as another
example. OTA is a mycotoxin that has harmful eﬀects on
animal and human health.35,36 We conjugated OTA onto the
3′ end of a DNA sequence (polyT20) that had a Cy3 label at
the 5′ end to obtain the ﬂuorescent probe Cy3-T20-OTA in
our lab by the reaction between the carboxylic acid group of
OTA and the amino group at the 3′ end of the DNA
oligonucleotide Cy3-T20-NH2 (Table S1 and Figure S8 in the
SI). The detailed procedures for the synthesis and puriﬁcations
of Cy3-T20-OTA are described in SI. We identiﬁed the
product of Cy3-T20-OTA with matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS) and gel
electrophoresis (Figures S9 and S10 in SI), which conﬁrmed
the successful preparation of Cy3-T20-OTA.
During CE-LIF analysis, the peak of Cy3-T20-OTA was at
∼2.5 min (Figure 4A). Upon the addition of an antibody in the
sample buﬀer, the peak of Cy3-T20-OTA decreased, and the
complex peak of the antibody and the Cy3-T20-OTA emerged
at the migration time between 1.5 and 2 min in the CE-LIF
analysis (Figure 4A). This indicates that the antibody complex
was isolated from the unbound ﬂuorescent probe of OTA.
When the antibody at a 20 nM or higher concentration was
applied, the obtained complex peak area was large, and the
unbound ﬂuorescent tracer remained small. This suggests the

possible existence of some unpuriﬁed residues of the
ﬂuorescent probe.
OTA was detected by using Cy3-T20-OTA (5 nM) and the
anti-OTA antibody (10 nM) in sample buﬀer (Figure 4B).
With the increase in OTA in the samples, the complex peaks
decreased, whereas the peak of the unbound probe increased
(Figure 4B). OTA as low as 1 nM was successfully detected.
This method was selective for the detection of OTA. Other
tested mycotoxin molecules did not aﬀect the detection of
OTA (Figure S11 in the SI). OTA spiked in the 20-fold grape
juice sample was detected by our method (Figure S12 in the
SI), and the detection limit was ∼1 nM by measuring the
change of the peak area of probes. The results demonstrate
that our strategy is general for the detection of diﬀerent small
molecules.
In addition, this immunoassay with the triply functional
DNA probe enabled us to detect multiple analytes in a single
CE run simply by using diﬀerent ﬂuorescent DNA probes with
varying migration times and measuring the peaks of the
unbound DNA probes. As Figure 2A shows, the DNA probes
with diﬀerent lengths ranging from 1 to 9 T’s had distinct
migration times in the CE-LIF analysis. Here we demonstrated
an example to simultaneously detect digoxin and OTA by
using Cy3-T5-Dig and Cy3-T20-OTA and the respective
antibodies. The unbound Cy3-T5-Dig had a shorter migration
time than the unbound Cy3-T20-OTA (Figure 5). Additionally, these two DNA probes were both isolated from the
antibody−probe complexes; however, the complex of Cy3-

Figure 5. Simultaneous detection of digoxin and OTA in the
immunoassay with CE using two DNA probes, Cy3-T5-Dig and Cy3T20-OTA. 5 nM Cy3-T5-Dig, 10 nM antidigoxin antibody, 5 nM
Cy3-T20-OTA, and 10 nM anti-OTA antibody were incubated with
varying concentrations of digoxin and OTA in sample buﬀer,
indicated at the traces.
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T20-OTA and the antibody and the complex of Cy3-T5-Dig
and the antibody were not individually distinguished because
they had similar migration times and broad peaks. With the
increase in digoxin and OTA, the peak of Cy3-T5-Dig and the
peak of Cy3-T20-OTA increased, respectively (Figure 5).
Clearly, this indicates that the detection of multiple analytes is
feasible by using the immunoassay with triply functional DNA
probes.

■

CONCLUSIONS
In summary, we described an immunoassay for the detection of
small molecules by using a triply functional DNA ﬂuorescent
probe to achieve antibody binding, ﬂuorescence recording, and
facile separation in a simple free zone CE mode. The use of
this DNA probe facilitates the CE separation of the
immunocomplex from the unbound ﬂuorescent probe due to
their large diﬀerences in mass-to-charge ratios. The smallmolecule target competes with this ﬂuorescent probe in
binding a limited amount of antibody, leading to an increase in
the unbound ﬂuorescent probe peak in the CE-LIF analysis.
This strategy has been applied to detect digoxin and ochratoxin
A at nanomolar levels. The detection of two targets in a single
CE run was also achieved by using two DNA probes with
diﬀerent lengths and varying mobilities, demonstrating the
capability for the detection of multiple analytes. This
immunoassay with DNA-driven CE separation has potential
for wide applications in the detection of small molecules. This
strategy will open broad opportunities for small-molecule
detection with immunoassays taking advantage of DNAencoding targets and the diverse functionalization of DNA
and DNA scaﬀolds.

■

Notes

The authors declare no competing ﬁnancial interest.

■

ACKNOWLEDGMENTS

■

REFERENCES

We acknowledge the support from the National Natural
Science Foundation of China (grant nos. 21874146 and
21435008). We thank Dr. Dapeng Zhang and Dr. Dong Cao at
the State Key Laboratory of Environmental Chemistry and
Ecotoxicology, Research Center for Eco-Environmental
Sciences, Chinese Academy of Sciences for the help with the
CE-LIF analysis and MALDI analysis, respectively.

ASSOCIATED CONTENT

* Supporting Information
sı

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.analchem.0c05386.

■

Technical Note

Scheme of the competitive immunoassay using the triply
functionalized DNA probe, the preparation and
characterization of Cy3-T20-OTA, oligonucleotide
sequences, schematic showing the conjugation of OTA
or digoxigenin on a DNA oligonucleotide, the relationship between the calculated mass-to-charge ratio and the
number of T’s for the DNA probes, the detection of a
low concentration of digoxin with the immunoassay,
selectivity tests of immunoassays, and target detection in
a complex sample matrix (PDF)

(1) Scott, D. E.; Bayly, A. R.; Abell, C.; Skidmore, J. Nat. Rev. Drug
Discovery 2016, 15, 533−550.
(2) Zhang, J.; Yang, P. L.; Gray, N. S. Nat. Rev. Cancer 2009, 9, 28−
39.
(3) Stockwell, B. R. Nature 2004, 432, 846−854.
(4) Nutiu, R.; Li, Y. J. Am. Chem. Soc. 2003, 125, 4771−4778.
(5) Zhang, Z.; Zeng, K.; Liu, J. TrAC, Trends Anal. Chem. 2017, 87,
49−57.
(6) Agriopoulou, S.; Stamatelopoulou, E.; Varzakas, T. Foods 2020,
9, 518.
(7) Shankaran, D. R.; Gobi, K. V.; Miura, N. Sens. Actuators, B 2007,
121, 158−177.
(8) Gao, Y.; Huang, X.; Zhu, Y.; Lv, Z. J. Immunoassay Immunochem.
2018, 39, 351−364.
(9) Kobayashi, N.; Oyama, H. Analyst 2011, 136, 642−651.
(10) Zhang, Y.; Chen, B.; He, M.; Yang, B.; Zhang, J.; Hu, B. Anal.
Chem. 2014, 86, 8082−8089.
(11) Zhao, W.-W.; Xu, J.-J.; Chen, H.-Y. Anal. Chem. 2018, 90, 615−
627.
(12) Xu, L.; Zhang, H.; Yan, X.; Peng, H.; Wang, Z.; Zhang, Q.; Li,
P.; Zhang, Z.; Le, X. C. ACS Sens. 2018, 3, 2590−2596.
(13) Li, Y.; Zhang, G.; Mao, X.; Yang, S.; De Ruyck, K.; Wu, Y.
TrAC, Trends Anal. Chem. 2018, 103, 198−208.
(14) Dinis-Oliveira, R. J. Bioanalysis 2014, 6, 2877−2896.

AUTHOR INFORMATION

Corresponding Author

Qiang Zhao − State Key Laboratory of Environmental
Chemistry and Ecotoxicology, Research Center for EcoEnvironmental Sciences, Chinese Academy of Sciences, Beijing
100085, China; University of Chinese Academy of Sciences,
Beijing 100049, China; School of Environment, Hangzhou
Institute for Advanced Study, UCAS, Hangzhou 310000,
China; orcid.org/0000-0003-3448-8756;
Email: qiangzhao@rcees.ac.cn

Authors

Yapiao Li − State Key Laboratory of Environmental Chemistry
and Ecotoxicology, Research Center for Eco-Environmental
Sciences, Chinese Academy of Sciences, Beijing 100085,
4798

https://dx.doi.org/10.1021/acs.analchem.0c05386
Anal. Chem. 2021, 93, 4794−4799

Analytical Chemistry

pubs.acs.org/ac

Technical Note

(15) Li, P.; Zhang, Q.; Zhang, W. TrAC, Trends Anal. Chem. 2009,
28, 1115−1126.
(16) Wang, X.; Cohen, L.; Wang, J.; Walt, D. R. J. Am. Chem. Soc.
2018, 140, 18132−18139.
(17) Tao, L.; Kennedy, R. T. Anal. Chem. 1996, 68, 3899−3906.
(18) Yu, F.; Zhao, Q.; Zhang, D.; Yuan, Z.; Wang, H. Anal. Chem.
2019, 91, 372−387.
(19) Moser, A. C.; Hage, D. S. Electrophoresis 2008, 29, 3279−3295.
(20) Nevidalova, H.; Michalcova, L.; Glatz, Z. Electrophoresis 2020,
41, 414−433.
(21) Pavski, V.; Le, X. C. Anal. Chem. 2001, 73, 6070−6076.
(22) Bao, J.; Krylova, S. M.; Cherney, L. T.; Hale, R. L.; Belyanskaya,
S. L.; Chiu, C. H.; Arico-Muendel, C. C.; Krylov, S. N. Anal. Chem.
2015, 87, 2474−2479.
(23) Zhang, H. Q.; Li, X.-F.; Le, X. C. J. Am. Chem. Soc. 2008, 130,
34−35.
(24) Bai, Y.; Li, Y.; Zhang, D.; Wang, H.; Zhao, Q. Anal. Chem.
2017, 89, 9467−9473.
(25) Li, X.; He, Y.; Ma, Y.; Bie, Z.; Liu, B.; Liu, Z. Anal. Chem. 2016,
88, 9805−9812.
(26) Zhang, H.; Li, X.-F.; Le, X. C. Anal. Chem. 2009, 81, 7795−
7800.
(27) Berezovski, M.; Krylov, S. N. J. Am. Chem. Soc. 2003, 125,
13451−13454.
(28) Drabovich, A.; Krylov, S. N. J. Chromatogr. A 2004, 1051, 171−
5.
(29) Goodnow, R. A., Jr; Dumelin, C. E.; Keefe, A. D. Nat. Rev. Drug
Discovery 2017, 16, 131−147.
(30) Kunig, V.; Potowski, M.; Gohla, A.; Brunschweiger, A. Biol.
Chem. 2018, 399, 691−710.
(31) Drabovich, A. P.; Berezovski, M. V.; Musheev, M. U.; Krylov, S.
N. Anal. Chem. 2009, 81, 490−494.
(32) Song, M.; Hwang, G. T. J. Med. Chem. 2020, 63, 6578−6599.
(33) Srinivas, N. R.; Ramesh, M. Bioanalysis 2009, 1, 97−113.
(34) Pashazadeh-Panahi, P.; Hasanzadeh, M. Biomed. Pharmacother.
2020, 123, 109813.
(35) Tao, Y. F.; Xie, S. Y.; Xu, F. F.; Liu, A. M.; Wang, Y. X.; Chen,
D. M.; Pan, Y. H.; Huang, L. L.; Peng, D. P.; Wang, X.; et al. Food
Chem. Toxicol. 2018, 112, 320−331.
(36) Ha, T. H. Toxins 2015, 7, 5276−5300.

4799

https://dx.doi.org/10.1021/acs.analchem.0c05386
Anal. Chem. 2021, 93, 4794−4799

