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A B S T R A C T   

Pseudomonas aeruginosa (P. aeruginosa) is the common infection-causing bacterial pathogen. Conventional 
methods for the detection of P. aeruginosa are time-consuming, and therefore, a more rapid analytical method is 
required. Here, monoclonal antibodies (Mabs) against P. aeruginosa (CICC 10419) were prepared and based on 
paired Mabs, an immunochromatographic assay (ICA) was developed. The ICA strip showed a limit of detection 
of 2.41 × 104 CFU/mL and the linear range of detection was 3.13 × 104-1.0 × 106 CFU/mL. No cross-reactivity 
was observed when other common Gram-negative and Gram-positive bacteria were used. The analytical per
formance of the ICA strip indicated that the developed ICA had good specificity and stability. Moreover, the 
feasibility of the ICA strip was verified by detecting P. aeruginosa (CICC 10419) in spiked water and food samples. 
The ICA strip could detect samples contaminated with a low-level of P. aeruginosa (CICC 10419) after 8 h 
enrichment.   

1. Introduction 

Various types of infections triggered by Pseudomonas aeruginosa 
(P. aeruginosa) are increasingly becoming a major health concern 
worldwide (Castañeda-Montes et al., 2018; Croughs et al., 2018; Tac
conelli et al., 2018). P. aeruginosa is an opportunist pathogen that can 
cause a number of infections, including sepsis, respiratory infection, 
endocarditis, urinary tract infection, and central nervous system infec
tion, especially in patients suffering from severe burns, or who are 
immunocompromised due to cancer or cystic fibrosis (Jia et al., 2017; 
Juan et al., 2017; Alatraktchi et al., 2020). The spread of P. aeruginosa is 
caused by patient to patient contact via contaminated objects or by 
digestion of contaminated foods and water. More importantly, 
P. aeruginosa is a ubiquitous bacterium that is commonly found in most 
moist environments, such as soil, water and some foods (Cuttelod et al., 
2011). In addition, in accordance with the stipulation from the European 
Communities and the Codex Alimentarius Commission (Tang et al., 
2017a, 2017b), P. aeruginosa should be absent from all water and foods. 
Therefore, to ensure food safety and protect human health, a rapid, 

specific and sensitive method for the detection of the P. aeruginosa is 
urgently required. 

A “gold standard” culture-based traditional detection method for 
P. aeruginosa, is in operation. However, this method cannot achieve the 
desired sensitivity needed and the method involves a series of tedious 
processes including sample preparation, enrichment, bacterial culture, 
and target bacteria identification. The whole process is inherently labor- 
intensive and time-consuming and therefore, is not suitable for certain 
situations and can cause a delay in detection of up to 2–3 days. 
Numerous efforts have been devoted toward development of new 
methods for P. aeruginosa detection. Several nucleic acid-based methods 
have been widely used, including the polymerase chain reaction (PCR) 
(Kunze et al., 2016; Tang et al., 2014), real-time PCR (Diawara et al., 
2016), multiplex PCR (Aghamollaei et al., 2015), and loop-mediated 
isothermal amplification (LAMP) (Goto et al., 2010). Nucleic acid 
-based methods involve complicated steps such as DNA extraction, PCR 
amplification, and gel electrophoresis. Although it is known that PCR 
methods can provide sensitive results for pathogen detection, it requires 
expensive equipment and a highly well-trained technician, which makes 
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it unsuitable for on-site detection. Biosensors have been widely recog
nized as a very promising analytical tool for pathogen detection because 
of their high sensitivity and specificity (Alhogail et al., 2019; Sarabaegi 
& Roushani, 2019). At the core of biosensor construction is a signal 
transducer and bio-recognition element coupled to the signal trans
ducer, providing a corresponding analytical signal in response to the 
interaction between the bio-recognition element and the target. Optical 
biosensors, colorimetric biosensors, and electrochemical sensors have 
all been reported to be able to detect P. aeruginosa (Chen et al., 2019; 
Gao et al., 2018; Simoska et al., 2019; Zhang et al., 2019). Fast, real-time 
and accurate analysis of results from food samples can be achieved, but 
are highly dependent on sophisticated instruments and analysis systems. 
Additionally, biosensor methods also face the problem of high cost, 
susceptibility to the food matrix, and poor reproducibility. 

As an alternative, immunological detection methods based on anti
gen–antibody interactions have been widely applied for the detection of 
pathogens due to their high sensitivity, specificity, and simplicity (Bever 
et al., 2019; Li et al., 2019). They have several advantages such as high- 
throughput detection, the use of relatively inexpensive equipment, and 
accuracy of the test results. Enzyme-linked immunosorbent assays 
(ELISA) based on the sandwich format is most frequently applied to 
microorganism detection, where a pair of antibodies (labeled capture 
Mab and immobilized detection Mab) is required to identify different 
antigen binding sites. Similarly, immunochromatographic assays (ICA) 
have been widely used to detect pathogens also (Shan et al., 2015; Wang 
et al., 2016). Compared to the sandwich ELISA, ICAs eliminate the 
complicated wash procedures and results can be attained within 10–20 
min with the naked eye. Furthermore, quantitative results can be ob
tained by using a portable scanning reader, which makes this method 
suitable for on-site detection. Furthermore, recently, a portable one-step 
ICA for the rapid, on-site detection of P. aeruginosa in clinical samples 
has been developed (Wang et al., 2011), with a limit of detection (LOD) 
of 5.0 × 105 CFU/mL. However, there remain some limitations when 
using the ICA method such as its relatively low sensitivity. Therefore, in 
this study, we prepared a paired Mab against P. aeruginosa with higher 
sensitivity and specificity, and an ICA based on these paired Mabs was 
developed to detect P. aeruginosa in water and food samples. 

2. Materials and methods 

2.1. Materials and apparatus 

Yeast extract powder and tryptone were purchased from Thermo 
Fisher Scientific (Shanghai, China). Agar powder was purchase from 
Beijing Solarbio Science &Tech Co., Ltd. (Beijing, China). Freund’s 
complete adjuvant (FCA) and Freund’s incomplete adjuvant (FIA), 
bovine serum albumin (BSA), horseradish peroxidase (HRP), HRP- 
labeled goat anti-mouse IgG and 3,3′,5,5′-Tetramethylbenzidine (TMB) 
were obtained from Sigma Aldrich (Shanghai, China). Sodium period
ate, ethylene glycol and sodium cyanoborohydride were purchased from 
J&K Scientific Co., Ltd. (Shanghai, China). Cell culture media were 
purchased from Life Technologies Corporation (Shanghai, China). Other 
solvents and chemicals were purchased from the National Pharmaceu
tical Group Chemical Reagent Co., Ltd. (Shanghai, China) and were 
analytical reagent grade. All solutions were prepared with ultrapure 
water (Milli-Q ultrapure system, Millipore Co., Ltd. (Bedford, MA, USA). 
The SP2/0 myeloma cell line was purchased from the Chinese Academy 
of Sciences Cell Bank (Shanghai, China). A commercial mouse Mab 
isotyping ELISA kit was purchased from Luoyang bai aotong experi
mental materials center (Luoyang, China). Sterilized homogenize bags 
were purchased from ELMEX Co., Ltd. (Shanghai, China). A stomacher 
machine (BagMixer 400) was obtained from Interscience (Saint Nom, 
France). Tap water samples were collected in Wuxi and stored at 4 ◦C 
until their analysis. Three different food items: orange fruit, milk, and 
beef were purchased from a local supermarket (Wuxi, China). The or
ange juice was obtained by crushing the orange fruit. 

The bacterial strains used in this study are as follows: P. aeruginosa 
(CICC 10419), P. aeruginosa (CICC 21625), P. aeruginosa (CICC 10351), 
P. aeruginosa (ATCC 27853), P. aeruginosa (ATCC 15442), P. aeruginosa 
(ATCC 25619), P. aeruginosa (CICC 10299), Escherichia coli (E. coli) 
O157:H7 (CICC 21530), Vibrio parahaemolyticus (V. parahaemolyticus) 
(CICC 21617), Campylobacter jejuni (C. jejuni) (CICC 22936), Shigella 
flexneri (S. flexneri) (CICC 10865), Staphylococcus aureus (S. aureus) 
(ATCC 29213), Listeria monocytogenes (L. monocytogenes) (ATCC 19115), 
Enterobacter sakazakii (E.sakazakii) (ATCC 29544), Salmonella typhimu
rium (S. typhimurium) (ATCC 13311). 

The polyvinylchloride (PVC) backing cards, sample pads (glass-fiber 
membrane, CB-SB08) and absorption pads (SX18) were purchased from 
JieYi Biotechnology Co., Ltd. (Shanghai, China) and the nitrocellulose 
(NC) membranes were acquired from Whatman-Xinhua Filter Paper Co., 
Ltd. (Hangzhou, China). A CM 4000 guillotine cutting module was ob
tained from Gene Co., Ltd. (Shanghai, China). The Airjet Quanti 3000™ 
dispenser was obtained from Xinqidian Gene Technology Co., Ltd. 
(Beijing, China). A hand-held strip scan reader was supplied by Huaan 
Magnech Bio-Tech Co., Ltd. (Beijing, China) and Protein-G affinity 
chromatography (Cell Signaling Technology, Shanghai, China) was used 
to purify the antibodies. Constant temperature shaker (THZ-420) was 
purchased from Shanghai Jinghong Experimental Equipment Co., Ltd. 
(Shanghai, China). 

2.2. Bacterial strains culture. 

P. aeruginosa was grown in 100 mL of LB broth at 37 ◦C overnight 
under constant agitation at a setting of 180 rpm and then, P. aeruginosa 
was heat-inactivated in the water bath at 100 ◦C for 15 mins. Bacteria 
were harvested from 100 mL of overnight culture by centrifugation at 
5000 × g for 20 min at 4 ◦C, washed with sterile phosphate-buffered 
saline (PBS), resuspended in 5 mL of PBS, and finally stored at − 20 ◦C 
for use in the enzyme immunoassay as the immune-antigens. Strains 
used in the sandwich ELISA and ICA strip to determine the LOD were 
prepared and stored at − 20 ◦C. For the solid medium, 15 g/L of agar was 
added and standard LB agar plate counting was used to evaluate the 
concentration of bacteria. The number of colony forming units (CFU) 
was determined and 10-fold serial dilutions of bacterial cells were plated 
on LB agar plates and cultured overnight at 37 ◦C. 

2.3. Immunization, Mab production and purification. 

The immunization schedule was similar to that of Zhou et al. (2020). 
Female mice (6–8 weeks old) were firstly immunized by subcutaneous 
injection of 1.0 × 108 CFU/mL of heat-inactivated P. aeruginosa (CICC 
10419) emulsified in an equal volume of FCA. After the initial immu
nization, three sequential booster injections were performed at 
approximately three-week intervals, with half the dose of the first im
munization emulsified in FIA. Mouse serum was then evaluated by a 
noncompetitive indirect enzyme-linked immunosorbent assay (NCI- 
ELISA), the coating concentration of P. aeruginosa (CICC 10419) and 
other tested strains were 1.0 × 108 CFU/mL, 3.0 × 107 CFU/mL and 1.0 
× 107 CFU/mL, respectively. The mouse with the highest serum titer 
against P. aeruginosa (CICC 10419) was selected as the spleen donor. The 
fusion of splenocytes and SP2/0 myeloma cells was performed as pub
lished previously (Ye et al., 2018). The culture supernatant from the 
hybridoma cells was screened first using the coated P. aeruginosa (CICC 
10419) 96-well plates, the positive wells with the absorbance higher 
than 1.5 at 450 nm were selected. Then the wells selected were deter
mined using the plates coating other test bacteria, the positive wells that 
did not cross-react with other test bacteria for P. aeruginosa (CICC 
10419) were selected. The positive clones were selected at the same 
procedure and separated by the three rounds of limiting dilution. Sub
sequently, mass-produced in paraffin primed BALB/c mice. The Mabs 
were ultimately isolated and purified by protein G agarose affinity 
chromatography. Ten stable Mabs against P. aeruginosa (CICC 10419) 
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were obtained. Isotypes of the Mabs were determined with a commercial 
mouse Mab isotyping ELISA kit. All animal studies in this work were 
performed in compliance with the institutional ethical guidelines for 
Care and Use of Laboratory Animals of Jiangnan University and were 
approved by the Animal Ethics Committee of Jiangsu province. 

2.4. Conjugation of the Mab to HRP 

The HRP-antibody conjugation reaction was performed as previously 
reported, with slight modifications (Kuang et al., 2013). Briefly, 0.2 mL 
of 10 mg/mL HRP and 0.2 mL of 0.06 M NaIO4 were reacted at 4 ◦C for 
30 min, producing the generation of aldehyde groups by oxidation of the 
hydroxyl groups on HRP. Then, 0.2 mL of 0.16 M glycol was added to the 
mixture to eliminate the excess NaIO4 at room temperature. Next, 2 mg 
of purified Mab was added and the pH was adjusted to 9 by the addition 
of 0.05 M carbonate buffer, in which aldehyde groups can be linked to 
the amino groups of the antibody to produce the corresponding Schiff 
bases. After stirring for 20 h at 4 ◦C, the stable HRP-antibody conjugate 
was formed by adding 90 μL of 5 mg/mL NaBH4 and precipitated by 
adding an equal volume of saturated ammonium sulfate solution. After 
centrifugation for 10 min at 5000 × g, the pellet was resuspended with 
0.01 M PBS (pH 7.4). The HRP-antibody conjugation was dialyzed 
against 0.01 M PBS for 36 h at 4 ◦C and then added to an equal volume of 
glycerol, and stored at − 20 ◦C for long-term storage until use. All the 
reactions, including the dialysis should be protected from light and the 
HRP-antibody conjugation was characterized by direct ELISA. The pu
rified Mabs and the HRP-Mab conjugations were then paired with each 
other in a sandwich ELISA format. 

2.5. Sandwich ELISA 

The anti-P. aeruginosa (CICC 10419) Mab diluted with coating buffer 
(100 μL/well), was added to a 96-well plate and incubated at 4 ℃ 
overnight. After incubation, the plate was washed three times with 
washing buffer and blocking buffer (220 μL/well) was added and 
incubated for 2 h at 37 ℃ to avoid non-specific binding. After washing, 
100 μL of sample was added to each well and incubated for 1 h at 37 ℃. 
After washing the plate, HRP-labeled anti-P. aeruginosa (CICC 10419) 
Mab was added and incubated for a further 1 h at 37 ◦C. After another 
wash, 100 μL of TMB substrate solution was added, and reacted with the 
labeled Mab at 37 ◦C for 15 min in the dark. The reaction was stopped by 
the addition of 2 M sulfuric acid (50 μL/well), and the absorbance was 
measured at 450 nm with a microplate reader and all measurements 
were performed in triplicate. 

2.6. Pairwise interaction analysis 

A checkerboard method was designed using sandwich ELISA format 
for pairwise interaction analysis. Briefly, plates were coated with ten 
Mabs diluted to a concentration of 4 μg/mL as the capture antibody 
(generated from 10 cell lines). After blocking, 100 μL of 1.0 × 107 CFU/ 
mL P. aeruginosa or 0.01 M PBS were added as positive and negative 
controls, respectively. Then, 100 μL of 2 μg/mL of HRP-labeled Mabs 
used as detection antibodies were added. The sandwich ELISA procedure 
was the same as described previously. The highest OD 450 nm ratio of the 
positive and negative controls (P/N value) was considered as the 
optimal combination. 

2.7. Sensitivity and cross-reactivity analysis 

The concentration of capture antibody and detection antibody were 
optimized and as previously, a checkerboard method was designed. 
Plates were coated with capture Mab (8, 4, 2 and 1 μg/mL) and after 
blocking, P. aeruginosa (CICC 10419) was diluted with PBS to 1.0 × 107 

CFU/mL and added along with 0.01 M PBS as a negative control. Then, 
the detection antibody (4, 2, 1 and 0.5 μg/mL) was added and after color 

development and termination the highest P/N value corresponding to 
the optimal concentrations of capture antibody and detection antibody 
were calculated. Next under the predetermined optimal conditions, 
P. aeruginosa (CICC 10419) was serially diluted with PBS to seven 
different concentrations (1.0 × 107 CFU/mL, 3.33 × 106 CFU/mL, 1.11 
× 106 CFU/mL, 3.70 × 105 CFU/mL, 1.23 × 105 CFU/mL, 4.12 × 104 

CFU/mL, 1.37 × 104 CFU/mL) and added to the plate well, and again, 
0.01 M PBS was used as a negative control. Then, a calibration curve for 
P. aeruginosa (CICC 10419) was established. In addition, a total of seven 
P. aeruginosa, and eight other bacterial strains from various sources were 
used to evaluate the specificity of our method in this study. All the tested 
strains were diluted to 1.0 × 108 CFU/mL in 0.01 M PBS. 

2.8. Lateral-flow ICA strip development 

2.8.1. Gold nanoparticle (GNP)-labeled Mab preparation 
The GNP-labeled Mab conjugation was obtained according to the 

method developed within our laboratory (Luo et al., 2019). Colloidal 
GNPs were prepared using the sodium citrate reduction method (Wang, 
Guo, Liu, Kuang, & Xu, 2018). Transmission electron microscopic (TEM) 
image of the GNPs was obtained with a transmission electron micro
scope (JEOL JEM-2100) operating at an acceleration voltage of 200 kV. 
Then, the pH of the GNP solution was adjusted to 8.2 by the addition of 
0.1 M K2CO3. After this, 100 μL of Mab was added into the 10 mL of GNP 
solution and stirred continuously for 1 h at room temperature. Next, 1 
mL of 0.5% (w/v) BSA was added to block the GNP surface for 2 h, to 
avoid non-specific adsorption. The solution was then centrifuged for 30 
min at 7000 × g and the precipitate was resuspended in 5 mL of 0.02 M 
PBS containing 0.04% NaN3, 0.1% Tween, 0.1% PEG 6000, 1% 
mannitol, 2% sorbitol, 5% sucrose. The GNP-labeled Mab conjugation 
was used as the detection antibody. 

2.8.2. Construction of the lateral-flow ICA strip 
The lateral-flow ICA strip was constructed in a sandwich format as 

previously reported. As shown in Fig. 1A, the components of the strip 
were composed of a sample pad, an NC membrane with test (T line) and 
control lines (C line), an absorbent pad, and a bottom pad. The T and C 
lines were formed by spraying anti-P. aeruginosa (CICC 10419) Mab (the 
capture antibody) and goat anti-mouse IgG on to them. The NC mem
brane was dried at 37 ◦C for 6 h. To assemble the lateral-flow ICA strips, 
the NC membrane was pasted on to the center of the bottom pad and was 
overlapping with the sample and absorption pads on each side. The 
assembled pad was cut into 4.0 mm wide strips using a guillotine and 
stored in a desiccator at room temperature until use. 

2.8.3. The principle of the lateral-flow ICA strip. 
The lateral-flow ICA strip prepared in this work is shown in Fig. 1B. 

For analysis, 150 μL of the standard or samples are first reacted with 50 
μL of GNP-labeled Mab for 5 min. When the strip with the sample pad is 
inserted into the solution which moves from the sample pad to the 
absorbent pad by capillary action. In the presence of target bacteria 
(positive sample), the GNP-labeled Mab firstly reacts with the target 
bacteria, and then is captured by the anti-P. aeruginosa (CICC 10419) 
Mab on the T line. Excess GNP-labeled Mab is captured by the goat anti- 
mouse IgG antibody at the C line and eventually a visible red band at 
both the T line and C line are formed. The color intensity increases as the 
bacterial concentration increases. In the absence of target bacteria 
(negative sample), the GNP-labeled Mab only binds to the goat anti- 
mouse IgG antibody at the C line and therefore, only a red C line is 
observed. The C line should always be observed in both positive and 
negative samples indicating that the ICA strip has worked properly. This 
entire lateral-flow ICA strip procedure takes approximately 5–10 min. 

2.8.4. ICA strip performance 
The immobilized Mab on the T line, the labeled Mab, and the running 

buffer solution were firstly optimized to give the ICA strip optimal 
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performance. P. aeruginosa (CICC 10419) was serially diluted with PBS 
to give six different concentrations (1.0 × 106, 5.0 × 105, 2.5 × 105, 
1.25 × 105, 6.25 × 104 and 3.13 × 104 CFU/mL). Under optimal con
ditions, a range of P. aeruginosa (CICC 10419) concentrations and PBS 
solutions were tested. To evaluate the specificity of the ICA strip, five 
P. aeruginosa strains and eight foodborne pathogenic bacteria were 
tested at concentration of 2.0 × 108 CFU/mL, P. aeruginosa (CICC 
21625) and P. aeruginosa (CICC 10351) at concentration of 2.0 × 109 

CFU/mL were tested with the ICA strips. In addition, the ICA strips were 
stored at 4 ◦C for one, two, three, and four months. Then the strips were 
used to detect PBS and the P. aeruginosa (CICC 10419) at concentrations 
of 1.0 × 106 CFU/mL to assess its stability. 

2.9. Detection of P. Aeruginosa in water and food samples 

To determine whether the developed ICA strip can be applied for 
P. aeruginosa detection from contaminated real samples, tap water, or
ange juice, milk and beef samples were spiked with different amounts of 
P. aeruginosa (CICC 10419). Each sample was verified to be free of any 
bacteria by plate counting. P. aeruginosa was grown in LB overnight, 
centrifuged at 5000 × g for 20 min at 4 ◦C and resuspended in PBS. And 
then diluted to the target inoculation number. For liquid samples, 1 mL 
of P. aeruginosa (CICC 10419) at known concentrations (0–109 CFU/mL) 
were separately added to 9 mL of the sample solution. The target inoc
ulation number were 106, 5 × 105, 2.5 × 105, 1.25 × 105, 6.25 × 104, 
3.13 × 104 CFU/mL in tap water sample, while the target inoculation 
number were 1.0 × 108, 2.0 × 107, 4.0 × 106, 8.0 × 105, 1.6 × 105, and 
3.2 × 104 CFU/mL in orange juice and milk samples. For beef samples, 
10 g of beef samples was put into a sterilized homogenize bag. And then, 
1 mL of the diluted bacteria solutions was added. The beef samples were 
homogenized with 90 mL of PBS in a stomacher machine for 1 min. The 
solution was poured into a sterile tube and centrifuged 5000 × g for 10 
min. and the sediment was suspended in 10 mL and tested by the ICA 
strip. Non-inoculated samples were used as negative controls. For bac
terium enrichment, 10 mL (10 g) of samples were inoculated with a 
fewer number of P. aeruginosa (CICC 10419). and then 90 mL of LB broth 
was added. The samples inoculated were incubated in LB broth at 37 ◦C 
for 6 h, 8 h and 10 h, respectively. After enrichment, the liquid sample 
solutions were tested directly. The beef sample was put into a stomacher 
machine, centrifuged and concentrated as above-mentioned. Finally, 

150 μL samples were reacted with 50 μL of GNP-labeled Mab for 5 min. 
then the solution was applied to the sample pad of the ICA strip. The 
solution migrated towards the absorption pad and the signal intensity on 
the T line was recorded and all tests were performed in triplicate. 

3. Results and discussion 

3.1. Pairwise analysis 

To obtain the best pair combination for the sandwich ELISA for 
P. aeruginosa (CICC 10419) identification, a checkboard method was 
executed. As shown in Table 1, 100 combinations were obtained using 
purified Mab as a capture antibody and HRP-labeled Mab as a detection 
antibody in the development of the sandwich ELISA. 1.0 × 107 CFU/mL 
of P. aeruginosa (CICC 10419) was added as positive control (100 µL/ 
well), and 100 µL of standard diluted solution (0.01 M PBS, pH 7.4) was 
added as negative control. The highest P/N value was obtained using 
Mab 3C7 as the capture antibody and HRP-labeled Mab 2H10 as the 
detection antibody, respectively. Therefore, this combination was used 
for further experiments. 

3.2. Sensitivity and cross-reactivity analysis 

To evaluate the sensitivity of the sandwich ELISA, the concentrations 
of Mab 3C7 and HRP-labeled Mab 2H10 were optimized. As shown in 
Table S1, this combination gave the highest P/N. This represented a 
concentration of Mab 3C7 of 4 μg/mL and HRP-labeled Mab 2H10 at 1 
μg/mL. Under the optimal concentrations, a calibration curve for the 
optimized sandwich ELISA was developed. As shown in Fig. 2A, the 
detection limit (P/N ≥ 2.1) of the sandwich ELISA was 1.37 × 104 CFU/ 
mL and the detection ranged from 1.37 × 104 CFU/mL to 1.0 × 107 CFU/ 
mL. To characterize the specificity of the paired Mab, the binding ability 
of the paired Mab towards fifteen pathogens was analyzed. The results 
(Fig. 2B) showed that the paired Mab has a relatively lower cross- 
reactivity with P. aeruginosa (CICC 21625) and P. aeruginosa (CICC 
10351), and has a high affinity with P. aeruginosa (ATCC 27853), 
P. aeruginosa (ATCC 15442), P. aeruginosa (ATCC 25619), P. aeruginosa 
(CICC 10299). This may be attributed to the complexity of bacteria 
surface antigens. There are chemical and antigenically variable antigens 
such as lipopolysaccharide (LPS) O-antigens and flagella. Additionally, 

Fig. 1. Schematic diagrams of the ICA strip for P. aeruginosa detection. (A) The fabrication scheme of the ICA strip; (B) The principle of the ICA strip for 
P. aeruginosa detection. 
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P. aeruginosa expresses some highly conserved antigens such as out 
membrane protein. Also, no cross-reactivity was observed with E. coli 
O157: H7, S. aureus, L. monocytogenes, E. sakazakii, V. parahaemolyticus, 
C. jejuni, S. typhimurium, or S. flexneri. 

3.3. ICA strip optimization 

GNPs have extensive applications for the detection of microbes 
((Tang et al., 2017a, 2017b)), mycotoxins (Liu et al., 2018), veterinary 
drugs (Wang et al., 2019) and pesticides (Facure et al., 2017). The size 
distribution and structure of the synthesized GNPs were characterized 
by TEM, and the UV–Vis absorption spectrum was recorded. As shown in 
Fig. S1, the GNPs were homogeneous, and had an average size of 20 nm 
with a maximum absorption wavelength of 523 nm. These results 
confirmed that the GNPs were prepared successfully. 

The ICA strip was developed based on the sandwich format, in which 
the immobilized Mab on the T line and the GNP-labeled Mab recognize 
the target and generated a signal. The sensitivity of the ICA strip was 
strongly affected by the Mab on the T line and the GNP-labeled Mab. 
Three types of immobilized Mabs (3C7, 4C10 and 2H10) and three types 
of GNP-labeled Mab (3C7, 4C10 and 2H10) were compared using 1.0 ×
106 CFU/mL of P. aeruginosa (CICC 10419) culture and PBS. As shown in 
Fig. 3A, the immobilized Mab 3C7 on the T line and the GNP-labeled 
Mab 2H10 showed a red band on the T line. Similarly, the concentra
tion of immobilized Mab on the T line was optimized. Concentrations of 
0.5 mg/mL and 1.0 mg/mL of Mab 3C7 immobilized on the T line were 
compared using 1.0 × 106 CFU/mL of P. aeruginosa (CICC 10419) and 
PBS and the intensity of the color at the T line increases with an increase 
in the concentration of Mab. The concentration of Mab at 1.0 mg/mL 
gave a deeper color on the T line (Fig. 3B). Also, the GNP-labeled anti
body binding is related to Mab concentration, where the concentration 

of the GNP-labeled Mab influences the visibility of the ICA strip. 
Different concentrations of Mab (4, 8 and 12 µg/mL) were used for the 
preparation of the GNP-labeled Mab conjugation. We found that the 
optimal concentration of Mab was 12 µg/mL, giving a deeper color 
generation on the T line (Fig. 3C). In addition, the running buffer so
lution dramatically affected the migration of GNP-labeled Mab. There
fore, six different types of running buffer solution were used. As shown 
in Fig. 3D, the color of the visual band in the ICA strip using basic buffer 
containing 1% Triton X-100 as running buffer was significantly brighter 
than those using other buffers. Based on these results, a basic buffer 
containing 1% Triton X-100 was selected as the optimal running buffer. 

3.4. ICA strip performance 

To evaluate the sensitivity of the ICA strip, P. aeruginosa (CICC 
10419) with concentrations ranging from 0 to 106 CFU/mL were 
analyzed using our ICA strip under optimized conditions, respectively. 
The evaluation was performed by the naked eyes and a strip reader. As 
shown in Fig. 4A, the color of the T line on the ICA strip continuously 
deepened with the concentrations of P. aeruginosa (CICC 10419) 
increased. A weaker color on the T line was generated at the 
P. aeruginosa (CICC 10419) concentration of 6.25 × 104 CFU/mL than 
the negative control. The visual LOD of the ICA strip was defined as the 
lowest concentration of P. aeruginosa (CICC 10419) that generated a 
weaker T line compared with that of negative samples. And the cut-off 
value was defined as the threshold concentration that contributed to 
the color on the T line disappears completely. Therefore, the visual LOD 
was 6.25 × 104 CFU/mL. Meanwhile, a colorless T line was observed at 
the P. aeruginosa (CICC 10419) concentrations of 3.13 × 104 CFU/mL. 
Consequently, the cut-off value of the ICA strip was 3.13 × 104 CFU/mL. 
For quantitative analysis, the color density of the T and C lines were 

Table 1 
The P/N value of pairwise interaction analysis using sandwich ELISAa.  

Detection Mab Capture Mab 

1H12 2B10 2H10 3C7 4C10 5C12 7H3 8G12 9C2 10D10 

1H12-HRP  6.52  5.90  9.52  6.60  6.43  6.09  7.82  5.61  8.18  6.06 
2B10-HRP  5.78  5.52  8.37  5.52  5.73  5.62  5.85  4.51  6.06  5.07 
2H10-HRP  7.44  8.76  5.06  14.75  12.65  11.78  10.42  7.29  7.03  11.76 
3C7-HRP  5.25  3.44  8.07  5.20  4.71  3.92  5.31  4.84  6.89  4.13 
4C10-HRP  5.33  4.94  13.27  7.75  7.67  5.63  7.65  7.49  9.87  5.00 
5C12-HRP  8.58  5.86  9.43  8.10  8.32  7.49  8.08  10.47  10.19  7.60 
7H3-HRP  2.41  2.29  2.83  3.49  3.14  2.69  2.26  1.99  2.19  2.28 
8G12-HRP  6.66  3.07  5.61  5.73  5.58  6.70  5.45  3.11  6.81  4.41 
9C2-HRP  3.15  2.31  2.17  5.47  4.97  4.03  3.06  3.90  3.42  4.05 
10D10-HRP  9.20  6.51  11.05  6.98  5.86  8.90  9.05  8.83  10.77  7.42  

a P/N value was the ratio of OD450 value of the positive to the negative control. 

Fig. 2. Sandwich ELISA development. (A) The calibration curve of the optimized sandwich ELISA for P. aeruginosa (CICC 10419); (B) Specificity of the anti- 
P. aeruginosa (CICC 10419) Mab towards 15 types of foodborne pathogens. 
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determined using a strip reader. A calibration curve was established by 
plotting T/T0 values (the ratio of the color density of T line for the 
positive sample to that of the negative sample) (y-axis) against corre
sponding concentration of P. aeruginosa (CICC 10419) (x-axis). As shown 
in Fig. 4B, the calculated LOD of the ICA strip was 2.41 × 104 CFU/mL 
from the calibration curve. 

To assess the specificity of the ICA strip, thirteen bacterial strains at a 
concentration of 2.0 × 108 CFU/mL, P. aeruginosa (CICC 21625) and 
P. aeruginosa (CICC 10351) at concentration of 2.0 × 109 CFU/mL were 
tested with the ICA strips. The results are displayed in Fig. 4C, a bright 
red band on the T line was generated when testing P. aeruginosa (CICC 
10419), P. aeruginosa (ATCC 27853), P. aeruginosa (ATCC 15442), 
P. aeruginosa (ATCC 25619), P. aeruginosa (CICC 10299). The ICA strip 
based on the paired mAb that reflects a relatively weak affinity to the 
other two P. aeruginosa could detect the two P. aeruginosa at the con
centration of 2.0 × 109 CFU/mL. Thus, high sensitivity antibody prep
aration is necessary. A colorless T line was observed when the other 
species were tested. These results indicate that the ICA strip reacted 
strongly toward P. aeruginosa (CICC 10419), P. aeruginosa (ATCC 
27853), P. aeruginosa (ATCC 15442), P. aeruginosa (ATCC 25619), 
P. aeruginosa (CICC 10299), which could be applied for the detection of 
P. aeruginosa. 

The stability of the ICA strip was evaluated by testing strips that had 
been stored at 4 ◦C for one, two, three, and four months and the results 
(Fig. 4D) were consistent with initial data (Fig. 4A), indicating that these 
strips can be stored at 4 ◦C for at least four months, with no loss of 
performance. 

3.5. Application in water and food samples 

Tap water, orange juice, milk, and beef samples were used to validate 
the feasibility of the ICA strip. No bacteria were detected in the blank tap 
water, orange juice, milk, and beef samples using the colony counting 
method. The tap water, orange juice, milk, and beef samples were spiked 
with varying concentrations of P. aeruginosa (CICC 10419) separately 
and tested. Since the matrix of real samples is complex, the color in
tensities of the ICA after spiking with P. aeruginosa (CICC 10419) in PBS 
and real samples were compared. As shown in Fig. 5A and B, a faint red 
color was observed at 6.25 × 104 CFU/mL in PBS and tap water samples. 
The cut-off values were all obtained at 3.13 × 104 CFU/mL. The results 
indicated that the ICA strip was valid for P. aeruginosa (CICC 10419) 
detection in tap water samples with little matrix effects on the results. 
For orange juice, milk, beef samples, a weaker color on the T line was 
generated at 8.0 × 105 CFU/mL. Therefore, the cut-off value for 
P. aeruginosa (CICC 10419) detection were 1.6 × 105 CFU/mL in orange 
juice, milk and beef samples. It was found that the cut-off values 
increased due to the influence of the food matrix, but P. aeruginosa (CICC 
10419) could be detected in real samples by the ICA strip. 

Analyzing low levels of pathogen that exist below the LOD in real 
samples is still challenging. Therefore, bacteria enrichment is indis
pensable and effective for the detection. The real samples were 
contaminated with P. aeruginosa (CICC 10419) 10 CFU/mL or CFU/g. 
The number of bacteria was measured after 6 h, 8 h, 10 h enrichment in 
LB broth. After 6 h, a colorless on the T line was observed. The number of 
bacteria was lower than the minimum number of bacteria required for 
the test. While a faint color was generated on the T line after enrichment 

Fig. 3. The optimization of the ICA strip. (A) Opti
mization the Mab sprayed on the T line and GNP- 
labeled Mab. 1, 2 and 3 were GNP-labeled Mab 
2H10, 4C10 and 3C7, respectively. (B) Optimization 
the concentration of immobilized Mab on the T line 
at 0.5 and 1.0 mg/mL, respectively. (C) Optimization 
the concentration of GNP-labeled Mab at 4, 8 and 12 
µg/mL, respectively. (D) Optimization running 
buffer. 1–6 represent the basic buffer, basic buffers 
containing 1% Triton X-100, 1% PEG, 1% PVA, 1% 
BSA, and 1% casein, respectively. P: 1.0 × 106 CFU/ 
mL of P. aeruginosa; N: PBS.   
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of 8 h, indicating that the bacteria number reach the lowest threshold for 
the test. It is concluded that 10 CFU/mL or 10 CFU/g of contamination 
can be detected after 8 h enrichment. The ICA test process was con
ducted and the results were obtained within 15 min using the ICA strip 
after enrichment. Considering the sample pretreatment, bacteria 
enrichment, and detection, positive results were obtained in 9 h. The 
combination of the bacteria enrichment with the use of ICA strip can 
detect the presence of P. aeruginosa (CICC 10419) quickly compared 
with the culture-based detection method. The inoculation and experi
ments with water and food samples suggest that the proposed ICA strip 
can be applied to detect rapidly P. aeruginosa from contaminated water 
and food samples. 

Recently, efforts have been devoted to the rapid and sensitive 
detection of P. aeruginosa using various approaches. Different recogni
tion elements are used, including monoclonal antibody (Ellairaja et al., 
2017), DNA aptamers (Zhong, Gao, Chen, & Jia, 2020), fluorescent 
organic nanoparticles (Kaur, Raj, Kaur, & Singh, 2015). These elements 
enhance the sensitivity for P. aeruginosa detection and reduce the assay 
time. Our future studies will focus on screening for high sensitivity an
tibodies, using new formats and labels, combining other methods to 
improve detection sensitivity and decrease the time of ICA for 
P. aeruginosa detection. 

4. Conclusions 

In the present study, Mabs against P. aeruginosa (CICC 10419) were 
successfully prepared and based on the paired Mab method, an ICA for 
the detection of P. aeruginosa (CICC 10419) in water and food samples 
was established. We also studied the factors that affect the performance 
of the ICA strip, including the immobilized Mab on the T line, the GNP- 
labeled Mab and the running buffer. Under optimal conditions, the 
developed sandwich ICA exhibited a linear range of 3.13 × 104-1.0 ×
106 CFU/mL and a lower limit of detection of 2.41 × 104 CFU/mL. In 
addition, the specificity of the ICA strip was evaluated and no cross- 
reactivity was observed with other common Gram-negative and Gram- 

positive bacteria. Furthermore, the ICA strip can be applied to detect 
P. aeruginosa (CICC 10419) in contaminated water and food samples. 
After enrichment. water and food samples with low-level contamination 
were detected by the ICA strip within 15 min. Positive results were 
obtained in 9 h. This successful, rapid detection of P. aeruginosa in water 
and food samples indicates the feasibility of the ICA for practical ap
plications. Noticeably, this research would provide a good basis for 
future work on improvements, probably using mAbs directed against 
highly conserved outer membrane proteins of the species. 
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