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Abstract 

Fluoroacetamide (FAM) has been employed as a rodenticide for an extended duration, leading to a multitude of inci-
dents involving human ingestion poisoning. Currently, FAMs have been prohibited by nations globally; however, 
there are still instances of their illegal usage. Conventional instrument methods are characterized by their time-
consuming nature and complex operational procedures, rendering them inadequate for meeting urgent diagnostic 
needs in patients with acute FAM poisoning. Therefore, there is an immediate need to develop a prompt, user-friendly, 
and precise immunoassay method for the diagnosis of acute poisoning induced by FAM. A lateral flow immunochro-
matography assay (LFIA) was developed in this study for the visual detection of FAMs in blood samples, representing 
the first report of such an approach. The method exhibited a cut-off value of 0.5 mg/mL under the optimized condi-
tions, enabling the entire FAM detection process in blood samples to be completed within a mere 8 min without any 
pretreatment requirements. Notably, the results were easily discernible by visual inspection alone. These results indi-
cate that the developed LFIA holds great promise as a convenient and rapid diagnostic tool for FAM poisoning diag-
nosis, thereby offering valuable support for subsequent treatment strategies.
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Introduction
As a highly toxic fluorinated compound, fluoroaceta-
mide (FAM) is water soluble, tasteless, odorless, and 
stable, rendering it suitable for use as an insecticide [1, 
2] or rodenticide. FAM and its metabolite fluoroacetic 

acid (FAA) were extensively employed in the last cen-
tury in the United States and New Zealand to con-
trol invasive species and curb overbreeding [3, 4]. The 
pronounced toxicity of FAM arises from its ability to 
impede the tricarboxylic acid cycle (the Krebs cycle) 
through conversion into fluoroacetic acid within liv-
ing organisms. This conversion leads to the formation 
of fluoroacetyl-enzyme A (CoA) through the combina-
tion of fluoroacetic acid and CoA, subsequently result-
ing in the production of fluorocitric acid instead of 
citrate. Consequently, cell metabolism disorders ensue 
along with systemic poisoning [5–7]. The lethal con-
centrations of FAMs vary among different animal spe-
cies, with rats exhibiting a toxicity threshold of 15 mg/
kg when FAMs are administered orally [8]. The range 
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for humans is reported to be between 2 and 10 mg/kg 
[5]. The global incidence of FAM poisoning in humans 
[9, 10], domestic animals [11, 12], and wildlife [13] has 
been extensively documented due to its pronounced 
toxic effects on most mammalian organisms. In the 
case of rodenticide poisoning, accidental ingestion was 
the most common cause of poisoning in children, and 
intentional ingestion and unknown intake were the 
most frequent causes in adults [10]. By the end of the 
previous century, nations worldwide had implemented 
prohibitions on the manufacturing and commerciali-
zation of FAMs as pesticides. Due to the appealing 
advantages of FAMs, such as uncomplicated prepara-
tion technology, cost effectiveness, and commendable 
deratization efficacy, there is a substantial prevalence 
of illicit production and utilization of FAMs as rodenti-
cides. This unfortunate circumstance frequently results 
in human ingestion poisoning, which is particularly 
prevalent within developing nations such as China [14]. 
In 2022, news reports continued to emerge regarding 
the tragic death of a 10-year-old Chinese girl due to 
poisoning caused by the consumption of bread contam-
inated with FAMs. Therefore, there is an urgent need 
to develop an expeditious and highly sensitive detec-
tion technique for the prompt diagnosis of acute FAM 
poisoning.

Currently, the majority of FAM detection methods rely 
on instruments. Numerous analytical techniques utiliz-
ing gas chromatography‒mass spectrometry (GC‒MS) 
[15–19] and ultrahigh-performance liquid chromatogra-
phy (UPLC) [20, 21] have been established and employed 
for FAM detection. These methods exhibit relatively high 
sensitivity and specificity; however, they are depend-
ent on costly equipment, skilled operators, and a time-
consuming and complex sample pretreatment process. 

Consequently, the practicality of these methods for on-
site detection is limited, and there are no reports or prod-
ucts for rapid detection of FAM currently.

As a rapid detection method, immunoassays could 
meet the demand of on-site detection of FAMs. Among 
all immunoassays, the lateral flow immunochromatogra-
phy assay (LFIA) has emerged as the most attractive tool 
for fast on-site detection owing to its inherent advan-
tages, including a straightforward pretreatment process, 
obviating the need for costly instrumentation and spe-
cialized expertise, and yielding prompt visual detection 
outcomes. However, there are no reports about LFIAs for 
FAMs detection. The reason is that the molecular weight 
of FAM is only 77 Da, which may not be enough to make 
even a single epitope. It is very difficult and challenging 
to produce a specific monoclonal antibody (mAb) against 
FAM. However, mAbs are key reagents for immunoas-
says. Fortunately, our group has dedicated extensive 
efforts to the development of antibodies targeting small 
molecule haptens over an extended period. Recently, our 
group employed a de novo synthesis strategy to design 
and synthesize FAM haptens. Furthermore, successful 
preparation of the mAb 5D11 against FAM was achieved 
through the immunization of mice for the first time [22].

Herein, the aim of this study was to construct an LFIA 
method based on gold nanoparticle (AuNP)-labeled mAb 
5D11 (AuNP-mAb) for the detection of FAMs in blood 
samples. This method represents rapid progress toward 
fast FAM detection and is a practical diagnostic method 
for acute FAM poisoning.

Results
The principle of LFIA based on AuNPs‑mAb
A schematic of the developed LFIA based on AuNPs-
mAb was depicted in Fig.  1. The test strip consisted 

Fig. 1  Schematic of the developed LFIA. (a) The component and test procedure of the strip. (b) Schematic of the test results, including negative, 
positive and invalid results, from left to right
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of six distinct sections, namely, a PVC board, an NC 
membrane, an absorbent pad, a sample pad, a test line 
(T line) coated with the coating antigen FAM1-BSA, 
and a control line (C line) coated with goat anti-mouse 
IgG (GAM-IgG), as shown in Fig.  1a. When the test 
strip is inserted into a sample containing the FAM 
target and AuNP-mAb probe solution, if the concen-
tration of FAM in the sample exceeds the threshold 
(indicating a positive sample), all of the AuNP-mAbs 
will bind with FAM instead of the coating antigen 
FAM1-BSA on the T line, resulting in an absence of 
color on the T line. Conversely, if the concentration of 
FAM in the sample solution falls below this threshold 
(indicating a negative sample), the AuNPs-mAb will 
be captured by FAM1-BSA on the T line, resulting in 
a red-colored T line. In either case, unless there is an 
issue with strip validity, the AuNPs-mAb will always 
be captured by GAM-IgG on the C line (Fig. 1b).

Preparation and parameter optimization of the AuNP‑mAb 
probe
AuNPs were synthesized through the reduction of 
HAuCl4 using sodium citrate under boiling conditions, 
resulting in a visually appealing transparent wine red 
when observed under natural light. According to the 
transmission electron microscopy (TEM) image (Fig. 2a), 
the AuNPs were monodisperse particles with an average 
diameter of approximately 30 nm. As shown in the UV‒
Vis absorption spectrum (Fig. 2c), the resonance absorp-
tion peak of the AuNPs appeared at 530 nm and shifted 
to 535 nm after coating with mAb 5D11, which indicated 
the formation of the AuNP–mAb 5D11 signal probe. In 
general, AuNPs typically exhibit a negative surface charge 
due to the presence of citrate ligands [23], while IgG is 
known for its positively charged surface [24]. Conse-
quently, coating these positively charged antibodies onto 
negatively charged AuNPs leads to a reduction in the zeta 
potential of the AuNPs (here, this change refers to the 
absolute value of the zeta potential). Figure 2d shows that 
the zeta potential of the AuNPs changed from −35.2 mV 

Fig. 2  Characterization of AuNPs and the AuNP-mAb probe. (a) Transmission electron microscopy (TEM) images of AuNPs with scale bars of 20 nm. 
(b) The color of the colloidal gold solution with different volumes of K2CO3. (c) UV‒Vis absorption spectra of the AuNPs and the AuNP-mAb probe. 
(d) The zeta potentials of the AuNPs and the AuNP-mAb probe
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to −20.9 mV after coating with the mAb 5D11, which fur-
ther confirmed that the AuNP-mAb probe was success-
fully prepared.

Several crucial parameters play pivotal roles in the pro-
duction of AuNP-mAb probes during the labeling pro-
cedure, including the pH, mAb 5D11 volume, antibody 
diluents, and colloidal gold probe resuspension solution. 
We adjusted the pH of the AuNP solution by adding dif-
ferent amounts of K2CO3; the colloidal gold solution 
maintained its wine-red color when the volume of K2CO3 
exceeded 15 μL (Fig. 2b), while it transitioned from gray 
to purple when the volume of K2CO3 did not exceed 15 
μL. The colloidal gold probe produced by the addition of 
15 or 20 μL of K2CO3 was subsequently tested via LFIA 
(Fig.  3a). The results indicated that the T line exhibited 
enhanced clarity and superior inhibition of FAM when 
supplemented with a volume of 15 μL of K2CO3. The 
volume of the mAb 5D11 influences the signal intensity 
and sensitivity of the LFIA. According to the signal inten-
sity of the different volumes of added antibody (Fig. 3b), 
the color intensity of the T line gradually increased with 
increasing antibody concentration but decreased when 

the amount of antibody was greater than 100 μL.  
Figure  3c shows the signal intensity and inhibitory 
effect of the LFIA strip upon the addition of differ- 
ent volumes of antibody. The T line had the brightest 
signal for a negative sample and a greater inhibitory 
effect for the FAM-containing samples when the vol-
ume of mAb 5D11 was 80 μL. To ensure optimal signal 
intensity for negative samples while maintaining supe-
rior inhibitory sensitivity for positive samples, an anti-
body volume of 80 μL was recommended.

BSA is commonly added to antibody diluents to 
enhance probe stability and reduce nonspecific binding. 
We compared the LFIA performance of different con-
centrations of BSA solution as an antibody diluent. As 
shown in Fig. 4a, the specific signal on the T line was also 
blocked completely due to the high concentration of 10% 
BSA. Conversely, a lower concentration (0.5%) of BSA 
demonstrated superior signal intensity and inhibitory 
effect with minimal background interference for both 
the negative and FAM-containing samples. The stability 
and chromatographic performance of the AuNPs-mAb 
probe are significant and influenced by the resuspension 

Fig. 3  Optimization results of the volume of K2CO3 and mAb 5D11 for the preparation of the AuNP-mAb probe. (a) Chromatographic results 
for negative samples and positive samples detected by AuNP probes prepared with 15 and 20 μL of K2CO3 (right). (b) Chromatographic results 
of the prepared AuNP‒mAb probes with different volumes of the mAb 5D11 and (c) contrastive results for the negative and positive samples. 
Negative samples: blood samples that did not contain FAMs; positive samples: blood samples with 0.5 mg/mL FAMs

Fig. 4  Optimization results for the antibody diluents, resuspension solution of the AuNP-mAb probe (abbreviated as RSS) and dilution factor 
of the coating antigen (abbreviated as DF). (a) Chromatographic results for negative samples and positive samples tested with AuNP probes 
prepared with different antibody diluents. (b) Chromatographic results for negative samples and positive samples tested with AuNP probes 
prepared with different resuspension solutions. (c) Chromatographic results for the negative samples and positive samples tested by strips prepared 
with different concentrations of coating antigen. Negative samples: blood samples that did not contain FAMs; positive samples: blood samples 
with 0.5 mg/mL FAMs
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solution. To evaluate the performance of the LFIA, three 
solutions (S1, S2, and S3) were selected as resuspension 
solutions. The LFIA results, depicting the performance of 
the AuNP probes in different resuspension solutions, are 
presented in Fig.  4b. Notably, when S2 was used as the 
resuspension solution, the strip exhibited the lowest sig-
nal intensity and inhibition effect. Conversely, a strip uti-
lizing resuspension solution S3 had the brightest T line 
and demonstrated superior sensitivity. Consequently, S3 
was selected as the optimal resuspension solution for the 
AuNP-mAb probe in LFIA assays.

Optimization of the coating antigen concentration
As an immunoassay based on the antigen‒antibody reac-
tion, binding between a coating antigen and an antibody 
significantly influences both the color intensity and sen-
sitivity of LFIAs. Consequently, we conducted optimiza-
tion experiments to determine the optimal concentration 
of coating antigen on the T line by employing 2-, 4-, and 
sixfold diluted FAM1-BSA solutions. According to the 
results in Fig. 4c, when FAM1-BSA was diluted by a fac-
tor of 2, the T line exhibited the most intense red color 
for the negative samples and demonstrated comparable 
sensitivity in detecting FAM-containing samples when 
compared to dilutions of FAM1-BSA by factors of 4 and 
6. Consequently, we selected a twofold diluted solution of 
FAM1-BSA as the coating antigen on the T line.

Optimization of the NC membrane and sample pad
The sensitivity of LFIA can be influenced by the poros-
ity and protein binding affinity of the NC membrane. In 
general, a decrease in pore size leads to a reduction in 
the flow rate of reaction liquid through the membrane, 
consequently resulting in an extended reaction time. 
In this section, we conducted a comparative analysis of 
three types of NC membranes with varying pore sizes 

as chromatographic carriers. As depicted in Fig.  5a, the 
MDI90 NC membrane did not exhibit any red signal 
on the T line for either the positive or negative sam-
ples. Conversely, both the Sartorius 95  (S95) NC mem-
brane and the Millipore 135 (M135) NC membrane 
demonstrated sensitive inhibitory effects. However, it is 
noteworthy that the M135 NC membrane displayed a 
brighter signal on the T line for negative samples. Conse-
quently, considering these observations, we selected the 
M135 NC membrane as our preferred choice for chro-
matographic carriers. The material of the sample pad 
influences the immunochromatographic speed and the 
release speed of the AuNP-mAb probe. According to the 
test results for three sample pads with different materials 
(Fig. 5b), SB08 exhibited a faster release speed. However, 
during the chromatographic process, there was inconsist-
ency in the chromatographic speed, leading to an uneven 
T line signal for the negative samples. Additionally, the 
strip with the RB65 sample pad displayed a pale C line 
signal and no red signal on the T line. Finally, the sample 
pad for LFIA was chosen for use in whole-blood separa-
tion membrane (WBSM) due to its superior signal uni-
formity and sensitivity.

Optimization of the reaction conditions
The optimization of sample volume, AuNP-mAb probe 
volume, and chromatographic time is crucial for achiev-
ing optimal performance in LFIA. We optimized these 
three parameters by adjusting the volume of the AuNP-
mAb probe to 2, 4, or 6 μL; the sample volume to 100, 
150, or 200 μL; and the chromatographic time to 3, 5, 
or 8 min, respectively. Subsequently, we determined the 
optimal reaction conditions based on signal intensity and 
sensitivity (keeping all positive samples at a consistent 
FAM concentration of 0.5 mg/mL). All the test results are 
summarized in Table 1. With increasing sample volume, 

Fig. 5  Optimization results of the NC membrane and sample pad and the cut-off value. (a) Chromatographic results for negative samples 
and positive samples tested by strips prepared with different NC membranes. (b) Chromatographic results for negative samples and positive 
samples tested by strips prepared with different sample pads. (c) Chromatographic results for blood samples containing different concentrations 
of FAMs, as tested by the developed LFIA under optimal conditions. Note: Negative samples: blood samples that do not contain FAMs; Positive 
samples: blood samples with 0.5 mg/mL FAMs
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AuNP-mAb probe volume, and chromatographic time, 
the signal intensity on the T line of the negative sam-
ples increased. Conversely, the inhibitory effect on the 
positive samples decreased. After careful evaluation, we 
determined that the optimal reaction conditions con-
sisted of 150 μL of sample, 4 μL of AuNP-mAb probe, 
and a chromatographic time of 5 min. These conditions 
were chosen because they successfully achieved complete 
inhibition of the T-line signal for positive samples while 
yielding the highest T-line signal intensity for negative 
samples under these circumstances.

Evaluation of LFIA strip performance
First, blood samples with varying concentrations of 
FAMs (ranging from 0 to 4  mg/mL in increments of 
0.063) were subjected to testing under the optimized 
conditions. Subsequently, the cut-off value was deter-
mined as the FAM concentration at which the T-line 
signal completely disappeared, indicating the minimum 
visually detectable concentration of the established LFIA. 
As shown in Fig. 5c, the signal on the T line disappeared 
when the FAM concentration reached 0.25 mg/mL, and 
its disappearance became distinctly visible to the naked 
eye at a FAM concentration of 0.5 mg/mL. Consequently, 
we determined that 0.5  mg/mL served as the cut-off 
value for the established LFIA in blood samples. Subse-
quently, the established LFIA was employed to examine 
30 negative blood samples and 30 positive blood samples 
under optimal conditions. Remarkably, only one posi-
tive result was detected among all the negative samples, 
while no negative result was observed in any of the posi-
tive samples. These findings indicate a false positive rate 
of approximately 3.3% and an impeccable false negative 
rate of 0%. All the results suggest that the developed 
LFIA exhibits exceptional accuracy and reproducibility, 

suggesting that it is a valuable diagnostic tool for rapid 
and convenient detection of acute poisoning caused by 
FAM.

Discussion
The illicit utilization of FAMs remains pervasive, lead-
ing to frequent occurrences of ingestion poisoning in 
both humans and animals. The primary challenge lies in 
promptly diagnosing FAM poisoning to facilitate subse-
quent treatment interventions. Despite the development 
of numerous instrument-based laboratory testing meth-
ods, their prolonged detection time fails to satisfy the 
demand for rapid clinical screening. Analysis based on 
specific recognition elements is deemed more suitable for 
clinical field detection. To date, only two FAM-specific 
recognition elements have been reported, encompassing 
a DNA aptamer that remains unexplored in actual detec-
tion and a monoclonal antibody meticulously prepared 
by our group [8, 22]. In this study, to address the press-
ing demand for on-site detection of FAMs, for the first 
time, we developed an LFIA based on antigen–antibody 
binding for rapid diagnosis of FAM poisoning in blood 
samples.

Despite the high sensitivity of instrumental analysis 
methods (Table 2), such as GC‒MS and UPLC [15–18], 
intricate preprocessing procedures that involve derivati-
zation, extraction, and concentration are needed. The 

Table 1  Optimization results for the AuNP-mAb probe volume, sample volume and chromatographic time

The amount of “ + ” represents the brightness of the red signal on the T line, and “-” represents no red signal on the T line

group AuNPs probe volume 
(μL)

sample volume (μL) chromatographic time 
(min)

signal intensity of negative 
samples

signal intensity 
of positive 
samples

1 2 100 3  +  -

2 2 150 3  +  -

3 2 200 3  +  +  -

4 4 100 5  +  +  + 

5 4 150 5  +  +  +  -

6 4 200 5  +  +  +  +   + 

7 6 100 8  +  +  +  +   + 

8 6 150 8  +  +  +  +   +  + 

9 6 200 8  +  +  +  +  +   +  + 

Table 2  Comparison of the developed LFIA with other methods

Detection method Sample LOD Detection time

GC‒MS [15] Drinking water 0.15 μg/L 3 h

SPME-GC‒MS [16] Blood sample 1 mg/L /

GC‒MS [18] Fresh pork 0.08 mg/kg /

This research Blood sample 0.5 mg/mL 8 min
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entire detection process often spans several hours or even 
days and relies on a laboratory environment that adheres 
to rigorous standards to ensure accuracy and reliability. 
In contrast, the developed LFIA demonstrated excep-
tional accuracy in directly detecting untreated blood 
samples under ideal conditions. Moreover, the detection 
results can be visually interpreted within a mere 8 min by 
the naked eye, enabling prompt diagnosis of patients with 
FAM poisoning upon admission.

Given the challenging nature of preparing specific 
monoclonal antibodies for the ultrasmall molecule FAM, 
the sensitivity of the developed LFIA may be relatively 
low. Nonetheless, this study successfully addresses a criti-
cal gap in rapid FAM detection through immunoassays. 
Furthermore, this work serves as an impetus to develop 
more sensitive FAM-specific monoclonal antibodies and 
enhance the overall sensitivity of LFIAs. Moreover, there 
is potential for applying this detection method to envi-
ronmental and food samples, thereby monitoring the ille-
gal use of FAMs and ensuring food safety.

Conclusion
In this study, for the first time, we successfully developed 
an LFIA based on the AuNP-labeled mAb 5D11 for rapid 
and on-site detection of FAMs in blood samples. By opti-
mizing the experimental conditions, we achieved qualita-
tive detection of FAMs with a cut-off value of 0.5 mg/mL, 
and the results could be visually read within a mere 8 min 
through direct observation without the need for special-
ized equipment or instruments, making this a rapid and 
cost-effective method. As the first developed rapid detec-
tion method for FAM, this work provides substantial 
support for the convenient and expeditious diagnosis of 
acute FAM poisoning in clinical settings.

Materials and methods
Chemical reagents and instruments
Gold(III) chloride hydrate, potassium carbonate, sul-
furic acid, nitric acid, and sodium citrate were obtained 
from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, 
China). Bovine serum albumin (BSA) was purchased 
from Sigma‒Aldrich (St. Louis, MO, USA). The mAb 
5D11 and coating antigen FAM1-BSA were prepared 
in our own laboratory. Goat anti-mouse IgG was pur-
chased from Jackson ImmunoResearch Laboratories, Inc. 
Human blank blood was obtained from Beijing WDWK 
Biotech Co., Ltd. (Beijing, China). The FAM standard 
substance was obtained from Dr. Ehrenstorfer Co., Ltd. 
(Augsburg, Germany). The Millipore 135 NC mem-
brane was obtained from Millipore Corporation (MA, 
USA). Sartorius 95 NC membranes were obtained from 
Sartorius Stedim Biotech (Goettingen, Germany). The 
MDI 90 NC membrane was obtained from Advanced 

Microdevices Pvt. Ltd. (Ambala Cantt., India). The SB08 
sample pad, RB65 sample pad, WBSM (whole blood 
separation membrane) sample pad, and PVC board were 
obtained from Shanghai Gold Bio Technology Co., Ltd. 
(Shanghai, China). The absorbent pad was obtained from 
Shanghai Liangxin Co., Ltd. (Shanghai, China). Colloidal 
gold probe resuspension solutions S1, S2, and S3 were 
obtained from Beijing WDWK Biotech Co., Ltd. (Beijing, 
China).

A cantilever agitator was obtained from IKA (Guang-
zhou) Instrument Equipment Co., Ltd. (Guangzhou, 
China). The zeta potential was measured by a Zetasizer 
Nano ZS90 (Malvern Panalytical, UK). The XYZ plat-
form dispenser HM3030 and strip cutter ZQ 2000 were 
obtained from Shanghai Gold Bio Technology Co., Ltd. 
(Shanghai, China).

The preparation and characterization of AuNPs
AuNPs were prepared by reducing Gold(III) chloride 
hydrate with sodium citrate under boiling conditions. 
The conical flask and magnetic rotors were presoaked 
in aqua regia for 24  h and then washed with deionized 
water. One milliliter of 1% chloroauric acid solution was 
added to 100  mL of deionized water under continuous 
stirring and heating until the solution boiled. Subse-
quently, 2  mL of 1% sodium citrate was added quickly, 
and the mixture was stirred and heated for 10 min until 
the solution was wine red. The solution was cooled to 
room temperature and stored at 4  °C. Finally, transmis-
sion electron microscopy (TEM) and spectrophotometry 
were used to characterize the morphologies and optical 
characteristics of the prepared AuNPs.

Fabrication and parameter optimization of the AuNP‑mAb 
probe
The AuNP-mAb probe was fabricated via electrostatic 
adsorption between AuNPs and the mAb 5D11. One mil-
liliter of AuNP solution was added to a tube, and then a 
certain amount of potassium carbonate was added to 
adjust the pH of the solution. Next, 100 times diluted 
mAb 5D11 solution was gently added to the pH-adjusted 
AuNP solution, and the mixture was reacted for 10 min at 
room temperature to form the AuNP-mAb probe. After 
that, 20 μL of 20% BSA solution was added and reacted 
for 10 min at room temperature to block the unbinding 
site. Finally, the mixture was centrifuged at 10,000 rpm at 
4 °C for 10 min, after which the precipitate at the bottom 
of the tube was resuspended in 200 μL of resuspension 
solution. We also measured the surface zeta potential of 
the AuNPs before and after reaction with the mAb 5D11 
by a Zetasizer Nano ZS90 to confirm the results.

The optimization of pH was performed by changing the 
volume of 0.1 M potassium carbonate to 0, 5, 10, 15, 20, 
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25, 30, or 35 μL when it was added to 1 mL of AuNP solu-
tion (the volume of mAb 5D11 was fixed at 20 μL); other 
steps, such as those above, were not repeated. According 
to the solution color, two suitable potassium carbonate 
volumes were selected to prepare the AuNP-mAb probe. 
These two probes were subsequently tested for negative 
samples and positive samples by LFIA. Finally, the opti-
mal potassium carbonate concentration was selected 
according to the highest T-line signal intensity for the 
negative samples and the greatest inhibition effect for the 
positive samples.

The optimization of the amount of mAb 5D11 was per-
formed by changing the volume of the mAb to 0, 60, 80, 
100, 120, 140, 160, or 180 μL during the process of fab-
ricating AuNP probes (the volume of 0.1  M potassium 
carbonate was fixed at 15 μL); other steps, such as those 
above, were not repeated. All of these AuNP probes were 
tested for negative samples and positive samples by LFIA. 
The optimal amount of the mAb 5D11 was selected 
according to the highest T-line signal intensity for nega-
tive samples and the best inhibition effect for positive 
samples.

To screen suitable antibody diluents and probe resus-
pension solutions, we fabricated AuNP probes by dilut-
ing mAb 5D11 with 0.5%, 1%, 2%, and 10% BSA solutions. 
Then, the precipitates of the AuNP-mAb probes were 
resuspended in S1, S2, and S3 solutions. The AuNPs-
mAb probes obtained under different antibody diluents 
and probe resuspension solutions were used to test nega-
tive samples and positive samples by LFIA. The optimal 
antibody diluents and probe resuspension solution were 
selected because they had the highest T line signal inten-
sity for the negative samples and the best inhibition effect 
for the positive samples.

Optimization of the coating antigen concentration
Briefly, 2, 4, and 6 times diluted FAM1-BSA (10 mg/mL) 
in 0.01  M  PB (phosphate buffer solution, pH 7.4) was 
sprayed uniformly on the T line of the strips and dried at 
37 °C for 2 h. Then, all of the strips were used to test neg-
ative samples and positive samples by LFIA. The optimal 
FAM1-BSA concentration was selected according to the 
highest T-line signal intensity for negative samples and 
the best inhibition effect for positive samples.

Optimization of the NC membrane and sample pad
FAM1-BSA and GAM-IgG were sprayed uniformly on 
the T line and C line of three different NC membranes, 
namely, M135 (Millipore 135), S95 (Sartorius 95), and 
MDI90. The three different assembled NC membrane 
strips were used for the detection of negative samples 
and positive samples, and the optimal NC membrane was 
selected because it had the highest T line signal intensity 

for negative samples and the best inhibition effect for 
positive samples. To choose a suitable sample pad, we 
assembled strips using SB08, WBSM (whole blood sepa-
ration membrane), and RB65; subsequently, these strips 
were used to test negative samples and positive samples 
by LFIA. The optimal sample pad was selected according 
to the highest T line signal intensity for negative samples 
and the best inhibition effect for positive samples.

Optimization of chromatographic conditions
The key factors that affect the signal intensity and sensi-
tivity in chromatographic processes include the sample 
volume, AuNP probe volume, and chromatographic time. 
A total of 9 groups of tests were designed to optimize 
these three parameters, and each group of tests included 
one negative sample and one positive sample. The 
detailed grouping is shown in Table 3. By comparing the 
LFIA results of these 9 groups, the group with the highest 
signal intensity, best inhibition effect, lowest background 
noise and shortest chromatographic time was selected as 
the best chromatographic conditions.

Strip assembly and test procedure
First, two dilutions of FAM1-BSA and GAM-IgG at the 
appropriate concentrations were sprayed on a Millipore 
135 NC membrane at a speed of 0.8 μL/cm as the test 
line and the control line (T line and C line, respectively). 
After that, the dry NC membrane was affixed to the mid-
dle position of the PVC board, and then the sample pad 
and the absorbent pad were attached to both ends of 
the PVC board; the sample pad was covered with an NC 
membrane of approximately 2  mm, and the absorbent 
pad was covered with an NC membrane of approximately 
1 mm. Finally, the whole module was cut into 4 mm wide 
strips by a ZQ 2000 strip cutter and stored in a sealed bag 
with desiccant.

Table 3  Detailed group information for optimizing the sample 
volume, AuNP-mAb probe volume and chromatographic time

Group AuNPs-mAb probe 
volume (μL)

sample 
volume (μL)

chromatographic 
time (min)

1 2 100 3

2 2 150 3

3 2 200 3

4 4 100 5

5 4 150 5

6 4 200 5

7 6 100 8

8 6 150 8

9 6 200 8
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The entire test process was carried out in a microcell. 
First, 150 μL of blood sample and 4 μL of the AuNP-mAb 
probe were added to a microwell with full mixing; after 
incubating for 3  min, the sample pad of the assembled 
strip was inserted into the microwell for 5  min. Finally, 
there was a visual signal from the naked eye on the T line.
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