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In this biosensor system, metabolite residues were derived by using a previous B-CBA synthesis method to
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label a biotin moiety for enrichment by streptavidin coated magnetic beads. Antibodies specific for

derivatives were conjugated with carboxyl-modified barcode DNAs which were used as templates for
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Nitrofurans are broad-spectrum antibiotics used to treat
animals with bacterial infections. Due to their mutagenicity and
carcinogenicity,"™ the use of these antibiotics has been banned
in food-producing animals in European Union, the USA and
China. The overuse of antibiotics in densely populated food-
producing animals can cause high level of residues in the
product and promote the emergence of new antibiotic-resistant
bacteria, which pose a great threat to both animal and human
health. Therefore, the routine monitoring of nitrofuran
metabolites in food chain is the major way to ensure public
health.

Nitrofuran antibiotics are metabolized rapidly in vivo with
a very short half-life,” making parent drug detection ineffective.
Their metabolite residues are more stable and have been used
as marker residues for the monitoring of nitrofuran abuse.®
Currently, the confirmative analytical methods for detection of
these antibiotics are mainly based on chromatography-based
methods.”™® But expensive equipment and well trained opera-
tors are pre-requisite for accurate detection. Furthermore, the
tedious derivatisation and solid-phase extraction are still
required for the analysis of marker residues in the rapid
methods, including enzyme-linked immunosorbent based
assay,"'** lateral flow immunoassay,"” impedimetric immuno-
assay'® and lateral flow biosensor assay.'”’®* The organic
extraction solvent can be involved in the hybridization, which
may interfere with the accuracy and reproducibility of the assay.
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strand displacement amplification (SDA). The assay can detect trace levels of 7.20 ppt of SEM, 11.58 ppt
of AHD, 7.24 ppt of AOZ and 2.31 ppt of AMOZ, respectively.

In a previous study, we synthesized a novel biotinylated alde-
hyde derivative (B-CBA) for the derivatisation of semicarbazide
(SEM), which makes the detection of SEM free of extraction
procedure.* But the established assay doesn't have the multi-
plex ability to detect all four nitrofuran metabolite residues
simultaneously. Furthermore, due to the complexity of the
sample matrix and lack of maximum residue limits set, a highly
sensitive and selective bioanalytical method is needed by
regulatory agencies of many countries.

In this work, we report an isothermal strand displacement
amplification (SDA) based method for ultrasensitive and
quadruple detection of four nitrofuran metabolite residues. The
abuse of furazolidone, nitrofurantoin, furaltadone, and nitro-
furazone were analyzed by detecting 3-amino-2-oxazolidinone
(AOZ), 1-aminohydantoin (AH), 3-amino-5-morpholinomethyl-
1,3-oxazolidin-2-one (AMOZ), and semicarbazide (SEM),
respectively. B-CBA synthesized in a previous work was used for
the derivatisation," therefore each of the resulted residue
derivatives was labeled with a biotin moiety (Fig. S11). The
metabolite residue derivatives were then captured by their
specific DNA-tagged antibodies. The formed derivative-anti-
body complexes (De-Ab complexes) were further enriched by
streptavidin coated magnetic beads (SAMB). Each De-Ab was
tagged with barcode DNA of 10-20 nt, which was amplified by
an isothermal strand displacement amplification. After ampli-
fication, the synthesized single strand DNA (ssDNA) was visually
detected by a lateral flow biosensor. Four test lines that
complementary to the four barcode DNA indicated the
contamination of their respective nitrofuran antibiotics in
sample (Scheme 1).

In order to verify the viability of designed methods for
nitrofuran detection, we firstly performed a single test for the
AOZ, AHD, AMOZ, and SEM, respectively. The designed nucle-
otides in Table S1} were used for AuNP coating and C-line/T-line
(C/T line) preparation. The nitrofuran metabolisms of 1 ppm
were derived by using biotin-CBA and formed biotin-CBA

This journal is © The Royal Society of Chemistry 2019
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Scheme 1 Schematic of the isothermal SDA based method for
quadruple detection of four nitrofuran metabolite residues. Metabolite
residue derivatives are first incubated with antibodies and SAMB, and
then collected by magnetic separator. The enriched tag DNA is
amplified by single direction isothermal SDA. The resulted ssDNA is
further visually detected by the lateral flow biosensor.

derivative. After SDA reaction, the product was subjected to LFB
and the results were shown in Fig. 1A. The red T line was visual
in the presence of nitrofuran metabolites and no positive T line
was seen in the absence of target. These results indicated that
the designed sequences were suitable for SDA reaction and LFB
monitoring, which demonstrated that the designed method was
usable in nitrofuran metabolite detection.

Based on the success of single test, we then challenged
quadruplex detection of nitrofuran metabolites in a SDA reac-
tion (Fig. 1B). Four test lines were observed in the presence of
four targets. In case of only one type of nitrofuran metabolite,

tppm 202 topm A Tpm SEM

B duargels  IppmAMOZ  1ppmAOZ 1 .,m AHD 1 ppm SEM

1 ppm AMOZ

Fig. 1 The feasibility analysis of proposed method for nitrofuran
metabolites detection. (A) Typical images of the biosensor for single
detection of nitrofuran metabolites. (B) Typical images of the
biosensor for multiplex detection of nitrofuran metabolites.
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the products from multiplex SDA could result in one corre-
sponding T line and no cross reaction was observed. These
results suggested that the multiple SDA and quadruple LFB was
workable in nitrofuran metabolite detection.

The sensitivity of LFB in nitrofuran metabolite detection was
evaluated by serial dilution of different targets from 5 ppm to 10
ppt. 10 pL of the purified multiplex SDA product was diluted
with 40 uL of PBS (pH 7.4) and pipetted onto the sample pad.
The color of the test and control lines was visible to the naked
eye after 5 min. Fig. 2A shows digital photographic images of
LFB for the detection of SEM on multiplex SDA products,
a simultaneous detection result of 4 targets as internal refer-
With increasing SEM concentration, more De-Ab
complexes were formed, and the color of the test lines increased
proportionally. Furthermore, the color of the test lines was not
visible to the naked eye below concentrations of 10 ppt.
Therefore, 10 ppt were considered as the visual detection limit
of the multi-SDA/LFB for the detection of SEM (Fig. 2A). The
detection limit of the multi-SDA/LFB for the detection of AHD,
AOZ, and AMOZ was all of 10 ppt (Fig. 2B-D).

Using a LFB, it was possible to achieve quantitative results by
recording the optical intensity of the T-line, as gold nano-
particles had characteristic peaks. Quantitative analysis of was

ence.

performed by monitoring the optical peak intensity of test lines.
The optical intensity of the corresponding test lines was shown,
and the intensity increased with increasing concentrations of
targets. The resulting standard curve of optical intensity versus
the logarithm of target concentration was displayed in Fig. 3.
The linear curves have correlation coefficients of determination
for SEM, AHD, AOZ and AMOZ of 0.977, 0.975, 0.984 and 0.980,
respectively. The limit of detection was defined as the optical
signals intensity was 3-fold higher (S/N > 3) than the average
signal of negative control. At the concentrations of 7.20 ppt of
SEM, 11.58 ppt of AHD, 7.24 ppt of AOZ and 2.31 ppt of AMOZ,
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Fig. 2 The sensitivity of LFB for (A) SEM, (B) AOZ, (C) AHD and (D)
AMOZ detection.
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Fig.3 Standard curve of the assay. Optical densities are obtained from
serially diluted standard solutions from 5 ppm to 10 ppt.

the optical intensity of corresponding test line was 70.3, 68.2,
61.7 and 60.9, respectively, 3 folds higher than the negative
control (23.4, 22.7, 20.6 and 20.3 for SEM, AHD, AOZ and AMOZ,
respectively). Therefore, the detection limit of multi-SDA/LFB
was 7.20 ppt of SEM, 11.58 ppt of AHD, 7.24 ppt of AOZ and
2.31 ppt of AMOZ.

Nitrofuran metabolites (AMOZ, AOZ, AHD and SEM) were
added into meat samples from local market in Qingdao. Only
meat samples that confirmed as negative for nitrofuran
metabolites according to HPLC method were spiked. The
samples were spiked with different concentrations of AMOZ,
AOZ, AHD and SEM. As shown in Fig. S2,T the spiked nitrofuran
metabolites can be detected in the meat homogenate by using
our established LFB. The optical intensity of T-lines for 5 ppm
(Fig. S2At) was significantly stronger than those for 100 ppt
(Fig. S2Bt), which was similar to the results in pure PBS. Then,
we calculated the recovery rate in food samples (Table S2+t). The
founded concentration was calculated by substituting the
optical intensity of LFBs as y to the equation in Fig. 3. The
recovery rate was equal to the ratio of founded target concen-
tration and added target concentration. The recoveries of
AMOZ, AOZ, AHD and SEM were 91.83-112.34%, 92.85-
106.77%, 97.14-122.64%, and 95.35-104.76%, respectively. The
LFB had a detection limit of AMOZ, AOZ, AHD and SEM in meat
of 21.2, 23.8, 18.92 and 15.72 ppt, respectively. The detection
limit of nitrofuran metabolites in food samples was slightly
higher than that in a pure PBS solution. The result showed that
this method was applicable for the detection of AMOZ, AOZ,
AHD and SEM in meat samples.

In the present study, a SDA-based lateral flow strip composed
of 4 test lines and 1 control line was developed for simultaneous
and multiplex detection of nitrofurans metabolite residues
(AOZ, AHD, AMOZ and SEM). Different from traditional
methods, this assay does not capture and analyze target mole-
cules directly. Nitrofurans metabolite residues were used as
hooks that were able to capture DNA signals immobilized on
their specific antibodies, which were further amplified by SDA.
It renders this LFB with high sensitivity. To the best of our
knowledge, the present assay has the best sensitivity in the
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analysis of nitrofurans metabolite residues.”** In the last
decades, mainstream methods for nitrofuran metabolisms were
HPLC, LC/MS, and LC-MS/MS, which were sensitive but time-
consuming, expensive, and requirement of sophisticated
equipment. Then, various rapid detection methods have been
reported. Kun et al. developed an efficient fluorescent biosensor
based on fluorescence quenching of pyoverdine by furazolidone
to detect the AMOZ. This fluorescent biosensor owned
outstanding specificity and sensitivity in furazolidone detection
within a LOD of 0.5 pM.** Besides, immunochromatographic
assay (ICA) has been gaining increasing attention, which was
similar to our LFB and the readout was using a paper strip.
Shuqun Li et al. proposed an ICA for simple, sensitive, rapid,
convenient and semi-quantitative detection of AMOZ in meat
and feed samples on site. The intensity of red color in the test
line is inversely related to the analyte concentration and the
visual detection limit was found to be 10 ng mL ™. The perfor-
mance of this assay was simple and convenient because the
tedious and time-consuming derivatization step was avoided.
The ICA detection was completed within 10 min.>* Wang et al.
established multiplex ICA using gold nanoparticles for the rapid
and simultaneous detection of four nitrofuran metabolites in
fish samples. The multi-ICA detection was accomplished in less
than 15 min by the naked eye. The cutoff values for the strip test
were 0.5 ng mL ™" for AOZ and 0.75 ng mL ™" for AHD, SEM, and
AMOZ.*® Compared to the previous methods, our proposed SDA-
based lateral flow strip is more sensitive and easy-to-operate.
The real samples analysis also demonstrated its high recovery
rate, which was reliable in routine applications. This method
was successfully used for the detection of the four nitrofuran
metabolites in meat and can potentially be used in other types
of food or targets. The newly developed SDA-based LFB repre-
sents a high-throughput and improved option for the rapid
detection of these four analytes in food and will substantially
advance research requiring on-site detection, allowing fast
initial screening. The proposed assay can also be popularized to
environmental monitoring or disease diagnosis, in case of
multiple toxins or multi-SNP sites needed for determination.>®
This can be used as an initial screening to indicate presence or
absence of toxins or SNPs, which reduces the number of
samples to be analyzed by confirmatory analytical methods.”
Furthermore, the signal amplification strategy in this study is
inspiring toward its applications in other small molecule
detection.
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