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Currently, the low sensitivity and poor binding stability of detection probe prepared via electrostatic adsorption
have become the dilemmas of colloidal gold-based lateral flow immunoassays (Au-LFIAs). In this connection,
polydopamine nanospheres (PDA NPs) with an eminent covalent connectivity property were introduced as a
promising substitute to improve the stability of probe and sensitivity of LFIA. Whereafter, the PDA NPs-based
LFIA was applied for the monitoring of furazolidone (FZD) in food samples because of the potential carcino-

genic/mutagenic effects to human of its metabolite (3-amino-2-oxazolidinone, AOZ). Compared with electro-
static adsorption, the binding stability of PDA NPs-based probes was superior. And, as expected, the PDA NPs-
based LFIA biosensor exhibited higher sensitivity than that of the Au-LFIA with a detection limit of 3.5 ng mL ™!
for AOZ by naked-eye readout. Based on the significant enhanced binding stability and sensitivity, the PDA NPs-
based LFIA is of certain spreading value for detecting other analytes.

1. Introduction

Furazolidone, = N-(5-nitro-2-furfurylidene)-3-amino-2-oxazolidone
(FZD), as one of the most representative nitrofurans antibiotic, is widely
used to prevent and treat gastrointestinal infections and other bacterial
diseases in animal husbandry (Dou et al., 2018). However, the residue
of nitrofurans and their metabolites in foodstuffs would induce carci-
nogenic and mutagenic effects to human (Le, Xie, Zhu, & Zhang, 2016).
Facing with ever-increasing attention for public health and greatly
possibilities of FZD contaminated food, a reliable, rapid and highly
sensitive detection strategy to protect the health of consumers is im-
portant and necessary. Considering FZD could rapidly metabolize into
3-amino-2-oxazolidinone (AOZ) in animal tissues according to its un-
stable characteristic (Liu et al., 2010), AOZ was often used as a marker
for monitoring the presence of FZD. Moreover, the derivative process of
AOZ to 3-[(4-carboxyphenyl) monomethyl] amino-2-oxazolidinone
(CPAOZ) is a crucial step, because FZD cannot exist in the form of
prototype drug and AOZ metabolite must be released from the cellular
proteins under mildly acidic conditions (Aldeek, Hsieh, Ugochukwu,
Gerard, & Hammack, 2017; Franek et al., 2006).

* Corresponding authors.

In response to the enormous perniciousness and extensive accessi-
bility, various diagnostic platforms including liquid chromatography-
mass spectrometry (LC-MS) (Kim, Kim, Hyung, Lee, & Kim, 2015), li-
quid chromatography-tandem mass spectrometry (LC-MS/MS) (Valera-
Tarifa, Plaza-Bolanos, Romero-Gonzalez, Martinez-Vidal, & Garrido-
Frenich, 2013) and enzyme-linked immunosorbent assays (ELISA) (Liu
et al., 2010) have been established for reliable, reproducible, and sen-
sitive detection of FZD. Although the aforementioned analytical
methods offer predominant accuracy and high-throughput screening
capability, they are relatively resource demanding and multiple steps of
these methods hinders their instant and filed applications. Accordingly,
it still remains tremendous requirements to construct facile detection
methods with satisfactory sensitivity, simplicity, speed and cost. Lateral
flow immunoassay (LFIA), is a paper-based platform that combines the
specific response of antigen-antibody and nanomaterials labeling
technology to achieve the qualitative and/or quantitative detection of
target analytes in intricate matrices. Benefiting from its multiple out-
standing advantages such as low cost, results visible by naked eye, small
sample volume requirement, shorter detection time, ease of mass pro-
duction and portability (Cheng, Song, Shi, Du, & Lin, 2019; Quesada-
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Gonzalez & Merkoci, 2018), LFIA has now become a most popular and
commonly used point-of-care (POC) diagnosis or on-site detection
method (Hu et al., 2017; Huang, Aguilar, Xu, Lai, & Xiong, 2016). It
must be emphasized that the rapid development of nanomaterials has
provided significant power for the progress of LFIAs in various in-
spection fields, such as medical test (Loynachan et al., 2017), en-
vironmental monitoring (Liu et al., 2012) and pesticide residue detec-
tion (Liu et al., 2011), especially in the POC inspection of harmful
substances in food safety field (Liu et al., 2019; Wang et al., 2019; Yao
et al., 2019). Among these, synthesizing intensely colored and bio-
compatible nanomaterials to label antibodies and be used as probes is
one of the core steps in LFIAs for further detection of target analytes
(Loynachan et al., 2017).

Unfortunately, it has been reported that noncovalent connection
pattern between antibodies and signal tag is not conducive for the
stability, repeatability and bonding strength of probes (Lou et al.,
2019). On the other hand, conventional covalent attachment which
achieved by organic cross-linking agents such as EDC/NHS or glutar-
aldehyde, may result in the activity reduction or even denaturation of
antibodies and thereby affecting the sensitivity (Le et al., 2016; Lou
et al., 2018). It is highly desired to find a signal substrate which has
several characteristics including strong chroma, biocompatibility, and
covalent connectivity (independent of organic reagent) toward anti-
bodies. Over the past decade, mussel-inspired polydopamine (PDA) has
showed strongly attachment to almost all types of organic and inorganic
substances with high binding strength (Lee, Dellatore, Miller, &
Messersmith, 2007). Meanwhile, as a well-known natural melanin, PDA
possesses plentiful characteristics, among these, biocompatibility is the
most important (Liu, Ai, & Lu, 2014; Simon & Peles, 2010; Xu et al.,
2019). Encouragingly, it has been speculated that the oxidized dopa-
mine can conjugate with organic substances via covalent bond forma-
tion (Lee, Scherer, & Messersmith, 2006). Furthermore, utilizing the
strong quinine-amine group interaction to realize the conjugation
strategy between polydopamine and antibodies is more efficient than
other chemistry based methods (Wan, Zhang, Wang, Qi, & Hou, 2011).
More importantly, polydopamine nanospheres (PDA NPs) possess sev-
eral additional characteristics including excellent cost effectiveness,
aqueous solubility, and strong chroma. Based on these advantages
mentioned above, PDA NPs will be one of the best candidates for LFIAs
establishment without any doubt.

Herein, a novel LFIA for FZD monitoring was facilely constructed
based on high-affinity and biocompatible PDA NPs to solve the men-
tioned problems, on which the covalent attachment between PDA NPs
and Ab was accomplished through facile mixture. Besides, comparative
experiment was designed to compare the binding stability of covalent
coupling and passive adsorption. Gold nanoparticles (GNPs), the most
widely used labeling material in LFIA (Zhang, Li, Zhang, & Zhang,
2011), as the representative of electrostatic adsorption nanomaterials
were used to construct GNPs-Ab probes. In order to appraise its feasi-
bility and suitability, the PDA NPs-based LFIA was applied in multiple
food samples inclusive of milk powder, pork and shrimp for AOZ re-
sidue detection. Results showed that the PDA NPs-based LFIA demon-
strated its advantage of simple, sensitive and creditable in this study
and has great potential for substituted GNPs based LFIA in POC in-
spection.

2. Experimental
2.1. Materials and reagents

The anti-CPAOZ antibody was prepared by our laboratory as pre-
viously reported (Dou et al., 2019). BSA (CAS: 9048-46-8, purity: >
98%, pH: 6.8-7.2), extracted form bovine blood, was provided by MP
Biomedicals (China). AOZ, CPAOZ, lex-dopamine, 4-{[5-(morpholino-
methyl)-2-oxooxazolidin-3-ylimino]methyl} benzoic acid (CPAMOZ),
clenbuterol hydrochloride, 4-[[2-(aminocarbonyl) hydrazinylidene]
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methyl]-benzoic acid (CPSEM), chloramphenicol and 1-[(4-Carbo-ben-
zylidene)-amino]-imidazolidin-2,4-dione (CPAHD) were received from
Anti Biotechnology. Nitrocellulose (NC) membranes were derived from
Millipore Corp. Glass fibers, polyvinyl chloride (PVC) plates, sample
and absorbent pads were provided by Shanghai Kingdiag-biotech CO.,
Ltd. Polyvinylpyrrolidone K-30 (PVP K-30), hydrogen tetrachloroaurate
(III) hydrate (HAuCly3H,0), 4-carboxybenzaldehyde (4-CBA), poly-
ethylene glycol 20,000 (PEG-20000), dimethyl sulfoxide, polyethylene
glycol 2000 (PEG-2000), sucrose, trisodium citrate and sodium azide
were purchased from Sigma-Aldrich. Dopamine hydrochloride was
purchased from Aladdin. Tween-20, BCA Protein Assay Kit was received
from Solarbio. Ethanol, orthoboric acid and ammonia aqueous solution
were received from Sinopharm Chemical reagent Co., Ltd. Purified
water used in this assay was produced by our laboratory. Skimmed milk
powder (fat content: < 1%), red shrimp (about 6 cm) and streaky pork
(fat content: 10-30%) used in this work were all purchased from a local
supermarket in Yangling, China. And all solvents and other chemicals
used in this work were of analytical-reagent grade.

2.2. Apparatus

Dispensing system (HGS510-2D) and Guillotine cutter (HGS-201)
were purchased from Hangzhou Autokun Technology Co., Ltd.
(Hangzhou, China). The high speed refrigerated centrifuge (HC-3018R)
was provided by Anhui USTC Zonkia Scientific Instruments. (Anhui,
China). The scanning electron microscopes (SEM) images used to
characterize the morphology of PDA NPs were received from the
scanning electron microscopes S-4800 (Hitachi, Japan). The Fourier-
transform infrared (FT-IR) spectrum was measured using a Vetex 70
(BrukerCorp, Germany) (Zhang, Li, Liu, Yang, & Wang, 2018). The
diameter of nanoparticles was evaluated using Zeta sizer Nano-ZS in-
strument (Malvern, UK). The UV-vis absorption spectra were char-
acterized by a spectrophotometer (UV-2550) (Shimadzu, Japan).

2.3. Synthesis of PDA NPs and GNPs

PDA NPs were synthesized via the oxidation and self-polymerization
of dopamine, adapted from the previous work with minor modifications
(Liu, Ai, et al., 2013). The volume of ammonia aqueous has an appre-
ciable impact on the size of PDA NPs. Thus, different amounts of am-
monia aqueous ranging from 0.4 to 0.8 mL were added into the mixed
liquor (8 mL ethanol mixed with 18 mL purified water). After 30 min,
2 mL purified water containing 0.1 g dopamine hydrochloride was
quickly injected into the above mixture solution. Accompanying, the
color of the solution changed to pale yellow and then gradually turned
to deep brown. After 24 h of reaction, PDA NPs were obtained by
centrifugation and washing with water for thrice.

The GNPs were prepared via the method reported previously with
minor modifications (Zhang et al., 2011). Firstly, different from the
literature, 4 mL of 1% trisodium citrate was rapidly added to 100 mL
already boiling 0.01% HAuCl,-3H,0 under vigorous stirring. The mixed
solution was continuously stirred at boiling temperature and churned
for another 15 min after the color was stable. The product was titration
to 100 mL by ultrapure water after cooling to room temperature, and
then stored at 4 °C for further use. The glass wares used above were all
soaked by aqua regia beforehand.

2.4. Preparation of nanoprobes

For the PDA NPs-Ab probe, a typical coupling reaction was carried
out. Briefly, 1 mL PDA NPs solution (2.5 mg mL~ 1) was mixed with 2 pL
solution of anti-CPAOZ antibody (1 mg mL~') and then incubated at
room temperature for 1 h. The residual binding sites on PDA NPs sur-
face were blocked by prepared filtered BSA solution with a final con-
centration of 2%. The mixture was incubated for 3 h at 4 °C, and ulti-
mately the PDA NPs-Ab probes were obtained after twice
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centrifugation. Then, nanoprobes were resuspended in 1 mL borate
buffer (0.02 M, pH 9.0) containing 0.01% orthoboric acid, 0.1% (w/v)
PEG-2000 and 0.02% sodium azide (NaNs3), and then stored at 4 °C for
further use.

2.5. Manufacture of the LFIA strip

The LFIA biosensor was made of substrate plate, absorbent pad, NC
membrane, conjugate and sample pad. The sample and conjugate pads
were dried at 37 °C overnight after treated completely with disparate
blocking buffers. The absorbent pad was not treated redundantly.
CPAOZ-BSA (0.5 mg mL™!) was dispensed on the NC membrane to
construct the test line (T-line) by a jetting rate of 0.8 pL cm ™. The
sample and conjugate pad, NC membrane and absorbent pad were or-
derly assembled onto a plastic adhesive backing card with about
1-2 mm overlapping after completely drying, then the assembled card
was cut into strips of 3 mm width and stored in a desiccator.

2.6. Performance of the strip sensor

In order to investigate the performance of this competitive LFIA
under optimal conditions, series of detection solutions were prepared
by separately mixing 100 pL probe into 0-9 ng mL~* CPAOZ standard
solutions. Meanwhile, phosphate buffer saline (PBS, 0.01 M, pH 7.4)
was used as the blank control. Subsequently, the detection solution was
dripped onto the sample pad of the prepared strip, allowing the liquid
to migrate along the strip. The detection result was first observed by
naked eyes after 10 min of the reaction, and then recorded via a
camera. Finally, Image J software was applied to analyze the signal
intensity.

2.7. Detection of CPAOZ in the spiked samples

Milk powder, shrimp and pork confirmed to be free of AOZ by HPLC
analysis in advance were used as food samples in this experiment. The
pretreatment method of samples was consistent with our previous work
(Dou et al., 2019). Firstly, one gram of accurately weighted homo-
geneous samples (shrimp and pork) and milk powder were first dis-
tributed into 10 mL centrifuge tubes by dissolved with ultrapure water
respectively. The mixtures were vortexed for a while at room tem-
perature after spiked with AOZ standard solutions. Afterwards, the
derivative agent (200 pL of dimethyl sulfoxide containing 0.05 M 4-
CBA) was separately added into each sample solution, CPAOZ was de-
rived from AOZ after incubation at 37 °C for 16 h (Fig. S1). Then, the
derivative solution supernatant was collected by centrifuged at
10,000 rpm for 10 min, and analyzed in triplicates via the prepared
LFIA strips. The blank control assay was carried out to play a role in
monitoring the validity of the PDA NPs-based LFIA in each detection.

3. Results and discussion
3.1. Principle of the PDA NPs based competitive LFIA

As illustrated in Fig. 1a, the lateral flow strip composed four parts,
including the absorbent pad, the NC membrane of pre-covering CPAOZ-
BSA, as well as pretreatment sample and conjugate pads by different
running buffers. PDA NPs were used as signal tags in this competition-
type immunoreaction. During this assay, sample solution was mixed
with PDA NPs probes then the mixture was added to sample pad fol-
lowed with migration along the sample pad toward absorbent pad
driven by the capillary action. Afterwards, the PDA NPs modified an-
tibody could be captured by the pre-coated CPAOZ-BSA on T-line owing
to the specific identification reaction. In the wake of the accumulation
of probes, the strongest signal was found on T-line when no CPAOZ
molecule was present in sample solution. While when CPAOZ existed, a
weaker signal would be formed on T-line because of the furious
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Fig. 1. (a) Schematic illustration of the PDA NPs based LFIA for the detection of
CPAOZ. (b) Interpretations of the LFIA results separately achieved by naked
eyes for semiquantitative analysis and Image J software for quantitative ana-
lysis.

competition between CPAOZ and CPAOZ-BSA for limited probes. In this
assay format, the color signal was inversely proportional to the con-
centration of target analyte in actual samples. When the target con-
centration was sufficiently high, no significant bands was visible on T-
line. Using this format, the result can be observed by naked eyes for
semiquantitative analysis and/or recorded by a digital camera for
quantitative analysis through Image J software as shown in Fig. 1b.

3.2. Characterizations of the PDA NPs and probes

PDA NPs were obtained from the aggregation of monomers via
dopamine oxidation and spontaneously self-polymerization without
harsh reaction conditions. And the synthesis mechanism of PDA NPs
was proposed in Fig. S2, including covalent polymerization and phy-
sical self-assembly of dopamine with 5,6-dihydroxyindole (DHI)
through oxidation of catechol under an aerobic and alkaline condition
(Hong et al., 2012; Liu, Wang, Caro, & Huang, 2013). PDA NPs with
various diameter were prepared by adjusting the volume of ammonia
aqueous (0.4-0.8 mL). Once the PDA NPs were ready, their morpho-
logical information and particle size were provided from the SEM re-
sult. In the case where 0.4 mL of ammonia aqueous was added, the
diameter of prepared PDA NPs was distributed in 300-400 nm as shown
in Fig. S3a and d. With 0.6 mL of ammonia aqueous added, PDA NPs
possessed an average diameter of about 250 nm (Fig. S3b and e). When
the addition volume of ammonia aqueous was 0.8 mL, the resultant
PDA NPs were uniformly spherical in shape with a diameter of 160 nm
(Fig. S3c and f). Although increasing the size of nanoparticles could
further improve the color intensity of T-line, they may also cause false
negative results and thus decrease the accuracy of detection. The op-
timal size of nanoparticles is a balance between brightness and appli-
cation performance. So, the PDA NPs of last group with an average
diameter about 160 nm was selected as the signal tag to further prepare
the probe in this work.

Meanwhile, the resultant PDA NPs were uniformly spherical in
shape as shown in Fig. 2a. Furthermore, Fig. 2b shows the particle size
distribution, the mean diameter of PDA NPs was about 160 nm and the
narrow diameter distribution was consistent with the SEM analysis. In
order to verify the successful polymerization of dopamine and analyze
the chemical structure of PDA NPs, the FT-IR spectra of dopamine and
PDA NPs were scanned as shown in Fig. 2c. Dopamine monomers
generated a large and broad peak spanning in the 3000-3400 cm ™!
region, which was attributed to the presence of intermolecular hy-
drogen bonds in dopamine molecules, double bands at 3353 and
3248 cm ™~ ! were ascribed to -NH, stretching (Zhou, Wang, Lin, Chen, &
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Fig. 2. Characterization of the prepared PDA NPs.
(a) SEM image of the prepared PDA NPs, (b) DLS of
the synthetic PDA NPs, (c) FT-IR spectroscopies of
the PDA NPs (red curve) and dopamine (cyan
curve), (d) UV vis spectra of the dopamine (cyan
curve), PDA NPs (red curve) and PDA-antibodies
(PDA-ADb) probe (black curve). (For interpretation of
the references to color in this figure legend, the
reader is referred to the web version of this article.)
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Yang, 2012). Meanwhile, the characteristic bands at 3145 em™ Y

3061 cm ™%, 3033 cm ™! and 2944 cm ™! were corresponded to the
aromatic O—H asymmetry stretching vibration (Gunasekaran, Kumar, &
Ponnusamy, 2007). In comparison to corresponding starting materials,
the FT-IR spectra of PDA NPs revealed a large and wide band spanning
3200-3600 cm ™!, which indicated the existence of a hydroxyl structure
(Dreyer, Miller, Freeman, Paul, & Bielawski, 2012). In addition, the
peak at 3421 cm ™! could be attributed to the stretching vibration of
phenolic O—H and N—H, the apparent peak at around 1627 cm ™! as-
sociated with the bending vibration of N—H and stretching vibration of
aromatic ring (Liu, Cao, et al., 2013). What is more, the peak at
1120 cm™! was associated with the N—H shearing vibration of the
amide group and the C—O vibration. Simultaneously, the N—H shearing
vibrations and stretching of amide group could confirm the appearance
of rearrangement reaction and polymerization (Fu et al., 2015). Like-
wise, as shown in Fig. S4, the disappearance of numerous narrow peaks
proved that small molecules were aggregated into PDA NPs. All these
results clearly confirmed the successful synthesis of PDA NPs. As pre-
sented in Fig. 2d, cyan curve, red curve and black curve respectively
represent the UV-Vis Spectra of dopamine, PDA NPs and PDA-Ab
probe. Although the spectra of dopamine and PDA NPs were completely
different, there was no absorption peak within the measurement range
which was also another evidence for the successful synthesis of PDA
NPs. Remarkably, a new absorption peak emerged at 280 nm for probes
compared to pure PDA NPs owing to the binding of antibodies to PDA
NPs which was mainly ascribed to the existence of ortho-dihydrox-
yphenyl functional group in PDA NPs and the strong quinine-amine
group interactions between polydopamine and antibody.

3.3. Comparison of different connection patterns between Ab and
nanomaterials

PDA NPs were used to construct probes through covalent connection
with antibodies, GNPs as the representative of electrostatic adsorption
nanomaterial were also used to prepared to GNPs-Ab probe. The con-
nection patterns among PDA NPs-Ab probe (Group 1) and GNPs-Ab
probe (Group 2) were compared by the binding stability of Ab and
nanomaterials drawing support from a BCA kit detection method. As
shown in Fig. 3a, 174.4 ng Ab covalently connected with PDA NPs and

480 600 720

Wavelength (nm)

75.7 ng Ab adsorbed on GNPs. The two groups of probes were stored in
refrigerator at 4 °C for 5 days and then centrifuged, the supernatants
were collected followed separately tested through the BCA kit to
quantify the amount of antibody felled off from nanomaterials. Results
indicated that 21.2 ng Ab separated from GNPs, which implied that
about 28% of Abs felled off in noncovalent connection group (Group 2).
Meanwhile, only 15.4% of Abs felled off in Group 1. Contrast experi-
ment proved that the covalent attachment had stronger affinity than
that of the electrostatic adsorption between Ab and nanomaterials,
which was also consistent with previous research (Lou et al., 2018).
Based above, PDA NPs could serve as more excellent signal labels in the
LIFAs.

3.4. Optimization of experimental conditions

For the purpose of acquiring the optimal accuracy, sensitivity and
lowest background-color of the as-prepared immunosensor, some ex-
perimental conditions were investigated. It was worth noting that all
experimental operations were performed at room temperature con-
sidering the timely and rapid on-site detection requirements. The im-
mobilizing of antibody on carriers with appropriate density was a key
parameter to achieve optimum performance. Fig. 3b shows the re-
lationship between analytical performance and different concentrations
of PDA NPs. The signal intensity and background-color were gradually
enhanced with the addition of PDA NPs concentration under visual
conditions. Unfortunately, the higher concentration (3 mg mL™') of
PDA NPs caused hard lateral flow resulting in stronger background
interference and decreased signal intensity. Considering the issue,
2.5 mg mL~! of PDA NPs was selected as the optimal condition. The
overall performance of the as-prepared immunosensor also closely re-
lated to the number of antibodies combined on PDA NPs. On the basis of
the selected concentration condition of PDA NPs, the labeling amounts
of antibody with a final concentration ranged from 0.5 to 3 ug mL™*
were investigated. As displayed in Fig. 3c, the signal intensity on T-line
increased by degrees with improve the antibody concentration during
0.5-2 ug mL ™! and arrived at summit after 2 pg mL™ . So, 2 ug mL ™! of
antibody was regarded as the appropriate addition dosage in the PDA
NPs solution. In addition, the probe volume used in each test was an-
other important factor since the accumulation quantity of probes on T-
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Fig. 3. Binding stability comparison of Ab in two kind probes separately prepared by covalent coupling and electrostatic adsorption. Group 1 represents PDA NPs-Ab
probe, Group 2 represents GNPs-Ab probe (a). Optimization results of the labeling concentrations of PDA NPs (b) and anti-CPAOZ antibody (c). Optimization results
of the volume of test probe (d). % Represents the optimal parameter selected for the following tests.

line could directly affect the signal intensity. As shown in Fig. 3d,
compared with the different volumes of test probes, the signal intensity
on T-line was heightening followed the increased volume of probe.
However, excess volume of probe would result in decreased signal
strength and a low sensitivity, and thus was unfavorable for the de-
tection. Considering factors of signal intensity, background inter-
ference, detection cost and assay sensitivity, 100 uL was used as the
optimal volume of probe.

Besides, aiming at further improving analytical performances, other
experimental conditions such as concentration of CPAOZ-BSA, running
buffers for sample and conjugate pads and so on were also optimized
and summarized in Tables S1 and S2.

3.5. Analytical performance

Sensitivity was an essential factor of point-of-care (POC) equipment.
Thus, the sensing performance and dynamic range of the resulting PDA
NPs-based LFIA toward CPAOZ inspection were evaluated. To this end,
different levels of CPAOZ ranged from 0 to 9 ng mL~ ! were detected
under optimal conditions via the developed LFIA. The corresponding
responses of LFIA to target CPAOZ were highlighted in Fig. 4a. When
inexistence of CPAOZ, a dark brown band could discover on T-line. The
signal intensity was not inhibited in this situation and was regarded as
100% saturation. For the positive samples, the signal response de-
creased with the faded brown band lines of T-line when CPAOZ con-
centration was increased. In general, the limit of detection (LOD) was
regarded as the minimum concentration of CPAOZ when T-line was
invisible by naked eyes. Therefore, the LOD of the proposed biosensor
was 8 ng mL™! for CPAOZ, at this concentration the signal intensity
analyzed by Image J software was as low as 4.63% of the saturated
intensity, which could be regarded as the visual LOD of the LFIA. In
order to quantitative analysis the CPAOZ, the mean gray value of op-
tical density in the test zone was calculated by Image J software. The
processing procedure was described detailly in Fig. S5. Furthermore,

calibration data obtained for each concentration subsequently allowed
us to determine the dynamic range and reconfirm the LOD of the assay.
The obtained calibration curve indicated that the signal intensity was
inversely proportional to the concentration of CPAOZ ranging from 0 to
8 ng mL™'. A good linear relationship with a correlation coefficient of
0.980 between the signal intensity and CPAOZ concentration was
plotted in Fig. 4b. The regression equation could be fitted as
y = —1489.7 X Cicpaoz; + 10296.8 with a dynamic range of
1-6 ng mL™'. By calculation, the sensitivity (in the standard samples
that caused 10% decrease of the intensity than that produced by the
blank control (Zhang, Wang, Chen, Fang, & Yu, 2009)) of the PDA NPs-
based LFIA toward CPAOZ detection was 0.69 ng mL~'. Besides, the
coefficient of variations (CVs, n = 3) were 2.41%, 4.66%, 5.60%,
6.68%, 4.89%, 12.75%, 11.12%, and 11.26% for 1, 2, 3, 4, 5, 6, 7, and
8 ng mL~! CPAOZ respectively. These results suggested the excellent
precision and reproducibility of the immunosensor. Furthermore, the
concentration of AOZ could be calculated by CPAOZ using the flowing
formula (Yan et al., 2018):

Concentration of AOZ = (molecular weight of AOZ/molecular
weight of CPAOZ) X concentration of CPAOZ

Therefore, the visual LOD of AOZ detection based on this method
was 3.5 ng mL ™. Specially, compared with colloidal gold based LFIA
(electrostatic adsorption) (Xie, Zhang, & Le, 2017) and quantum dot
based LFIA (covalent binding by EDC/NHS) (Le et al., 2016), the bio-
sensor proposed (covalent binding without organic reagent) in this
work possessed better or comparable analytical performance as shown
in Table S3.

In order to investigate the specificity of the PDA NPs-based LFIA,
selective experiments were carried out. The potential interfering sub-
stances including lex-dopamine, CPAMOZ, clenbuterol hydrochloride,
CPSEM, chloramphenicol, and CPAHD, whose structures were given in
Fig. S6. As shown in Fig. 4c, it could be clearly observed that all T-line
of strips were close to the control strip even though the interfering
substances were 100 ng mL~'. However, the deep brown band
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Fig. 4. Assay performances of the PDA NPs-based LFIA for CPAOZ detection. (a) Sensitivity result, the inset percentages represent the corresponding signal intensities
on the T-line of strips. (b) Calibration curve, the inset shows the variation rule within the whole detection range. (c) Specificity result. (d) Specificity result processed
by Image J software, No. 1 corresponds to the control strip, 2-7 correspond to 100 ng mL~' of lex-dopamine, CPAMOZ, clenbuterol hydrochloride, CPSEM,
chloramphenicol, and CPAHD, respectively, 8 corresponds to 10 ng mL~! of CPAOZ. Error bars show standard deviations of three replicate measurements.

completely disappeared on T-line for CPAOZ of just 10 ng mL ™. Then,
the corresponding mean gray values of optical density in the test zones
were calculated using Image J software and demonstrated in Fig. 4d to
further clearly exhibit the differences of signal intensities on T-line of
strips separately for interfering substances and target analyte. The CVs
for all results of the specific evaluation experiment were less than 3.5%.
Hence, the above results indicated that this analytical method possessed
superior specificity toward target analytes.

3.6. Application in actual samples

To access the application performance of the PDA NPs-based LFIA in
practical samples, known concentration (1-6 ng mL™ ") of AOZ stan-
dard solutions were spiked with PBS (0.01 M, pH 7.4) as the blank
control. After sample treatment and derivatization, the obtained sample
solution was tested using the PDA NPs-based LFIA. All experiments
were repeated three times. The semiquantitative detection results in
three food samples including milk powder, shrimp and pork were
showed in Fig. 5. With the raising of AOZ concentration the brown color
faded on T-line. Simultaneously, the detection limits of AOZ in three
spiked samples were 5 ng mL™', 5 ng mL™' and 4 ng mL~' respec-
tively. Compared with experimental theoretical values, the inconsistent
of detection limit in actual samples could be ascribed to the complex
matrix interference of actual samples. Furthermore, standard addition
method was used to evaluate the analytical reliability and accuracy in
actual samples by recovery experiments. The results obtained by
quantitative analysis were summarized in Table 1. The recoveries of
this sensing system ranged from 80.81% to 118.34%. And the CVs
(2.38%-7.50%) in three repeated measurements were within the ac-
ceptable limit. Furthermore, the application performance for CPAOZ in
practical samples (Fig. S7 and Table S3) seeded a little better than that
for AOZ. Anyway, all these results demonstrated that this analytical
method possessed an acceptable reliability and better potential for
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Fig. 5. Detection results of AOZ in milk powder (a), shrimp (b), and pork (c)
samples by the PDA NPs-based LFIAs.

future practical application.
4. Conclusions
In summary, PDA NPs were introduced as the signal substrate for

the first time to construct a sensitive, effective and simple LFIA. Under
optimal conditions, the visual LOD of the PDA NPs-based LFIA for AOZ
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Table 1
Recoveries and variation coefficients of the PDA NPsbased LFIA for AOZ de-
termination in spiked samples (n = 3).

Sample Added (ng mL™")  Found (ng mL™!)  Recovery (%) CV (%)
Milk Powder  1.00 0.86 = 0.06 85.76 2.88
2.00 2.08 = 0.03 103.95 3.27
3.00 2.61 = 0.19 90.26 6.22
Shrimp 1.00 0.94 += 0.05 93.76 2.59
2.00 1.66 = 0.10 82.93 7.50
3.00 2.39 = 0.09 80.81 6.09
Pork 1.00 1.18 = 0.04 118.34 2.38
2.00 1.92 = 0.06 96.14 5.30
3.00 2.60 = 0.11 89.25 6.07

as low as 3.5 ng mL ™', which was possessed better or comparable
analytical performance than other LFIAs. Besides, this biosensor de-
monstrated excellent linear range and satisfying reliability in milk
powder, shrimp and pork. Different from widely used GNPs, PDA NPs
exhibited a covalent connectivity to antibodies without additional
processing in the preparation of NPs-Ab probe, which provided the
potential to move toward a simple, high repeatable, and stable LFIA
system. In comparison to conventional GNPs-Ab probes, PDA NPs were
seized of higher binding efficiency and stability toward Ab. Taken to-
gether, all of assessment and application results suggested that the
proposed method could be used as a reliable, sensitive referential tool
for POC detection of harmful analytes.
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