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Lead (Pb) threatens public health due to its toxicity and nonbiodegradable characteristics. It is of significance to develop a sensitive and rapid method for Pb detection. In this study, monoclonal antibodies against Pb were screened with a high affinity constant (Kaff) of 3.56 × 109 L/mol. Au nanosphere particles (AuNS) and Au nanoflower particles (AuNF) were synthesized with a diameter of 15 nm and 60 nm, respectively. The specific anti-Pb antibodies were then immobilized on AuNS and AuNF for probe development. At last, AuNS- and AuNF-based strips were successfully assembled for comparative study, which were able to effectively detect environmental Pb in 10 min. The limits of detection (LODs) were determined to be 3.91 ng/ml and 0.2 ng/ml, respectively. Thus the developed method provides a feasible solution for sensitive and rapid detection of Pb on site, which is beneficial to food safety and pollution control.
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1 INTRODUCTION
Heavy metal contamination in the environment has significantly increased during the last decade because of electronic waste, mining, smelting, and so on (Sarma et al., 2019). Even traces of nonessential heavy metals (As, Hg, Pb, etc.) are lethal to living animals due to their nonbiodegradable characteristics (Ge et al., 2012). Among these heavy metals, lead (Pb) is typical and widespread. Intracellular Pb usually induces oxidative stress by generation of free radicals and reduction of the antioxidant property of the cell, causing damage to DNA, proteins, and lipids (Ercal et al., 2001; Wu et al., 2016). This cellular toxicity tends to permanently harm the brain, immune system, and kidneys, affecting people’s behavior and growth (Gupta et al., 2012; Dorea, 2019). It is worth noting that people are exposed to high risk of environmental Pb exposure due to increasing Pb contamination. Considering the harm of Pb, the potential exposure to Pb is worthy of attention. Therefore, it is beneficial and meaningful to ensure people’s health by developing a rapid and sensitive method for Pb detection in food or environmental samples.
Conventional analytical methods for Pb are atomic absorption spectroscopy (AAS), inductively coupled plasma mass spectrometry (ICP-MS), and so on, which are considered sensitive and of high accuracy (Xie et al., 2008; Rui & Hao, 2012). However, these methods are usually based on large and expensive laboratory equipment with professional procedures, which are inconvenient for general public to use at home. In contrast, the immunological assay is widely applied for its high sensitivity and specificity. Zhu et al. (2007) developed an antibody to detect Pb concentration in water. Kuang et al.(2013) reported that the visual limit of detection (LOD) can reach 2 ng/ml of Pb using the immunological method. With the improvement of environmental quality, it is necessary to explore a more sensitive method for rapid detection of Pb, which is meaningful for minimizing the public risk of Pb exposure.
Lateral flow immunoassay (LFIA) has been widely used in food and environmental detection, which works with the migration of a liquid sample through a porous membrane by capillary action (Zhou et al., 2019; Chen et al., 2022). Biological interactions take place at specific detection zones of the membrane to produce a signal that can be visualized through use of colored nanoparticles (Connolly & O', 2017). Therefore, LFIA is suitable for sensitive and rapid detection of environmental samples. In this study, anti-Pb monoclonal antibodies with high affinity were screened out. Then, Au nanosphere (AuNS) and nanoflower particles (AuNF) were developed to immobilize the specific Pb antibodies. At last, AuNS- and AuNF-based strips were assembled and applied for rapid detection of Pb in various tested samples.
2 MATERIALS AND METHODS
2.1 Materials
Standard samples were purchased from the National Nonferrous Metal and Electronic Analysis Center in China (Beijing, China). Goat anti-mouse IgG antibodies were obtained from Shanghai Yisheng Biotechnology Company (Shanghai, China). Chloroauric acid (HAuCl4) was purchased from Shanghai Chemical Reagents (Shanghai, China). SP2/0 myeloma cells were stored in our laboratory. Hypoxanthine, aminopterin, and thymidine supplement (HAT), hypoxanthine and thymidine supplement (HT), and polyethylene glycol 1450 solutions (PEG 1450) were purchased from Sigma-Aldrich (Shanghai, China). Balb/c mice were obtained from Wushi Animal Laboratory (Shanghai, China).
2.2 Antigen preparation
Isothiocyanobenzy-EDTA (ITCBE) was dissolved in dimethyl sulfoxide (DMSO) at a concentration of 10 mg/ml. 200 μl ITCBE and 1 ml keyhole limpet hemocyanin (KLH, 10 mg/ml) were slowly added into the HEPES buffer solution (0.01 mol/L, pH 9.0). The reaction mixture (pH 8.0) was stirred at 25°C overnight, and then 130 μl of Pb (II) solution (1 mg/ml) was slowly added. After stirring for a further 6 h, the reaction mixture was dialyzed in PBS (0.01 mol/L, pH 7.4) for 3 days. Then, the conjugated Pb (Pb-ITCBA-KLH, Pb-KLH) was stored at −20°C for further use. Pb-ITCBA-BSA (Pb-BSA) was generated with the same method as Pb-KLH. The Pb contents in antigens (1 mg/ml) were determined by ICP-MS.
2.3 Animal immunization and hybridoma screening
6- to 8-week-old mice were immunized subcutaneously using 50 μg–200 μg Pb-KLH antigen mixed with Freund’s complete adjuvant. After the fifth immunization, the titers of tail blood serum from immunized mice were tested with iELISA ( indirect enzyme-linked immunosorbent assay) (Zhang et al., 2018). The titer of the serum was defined as the maximum dilution ratio of the serum, which was able to effectively detect Pb-BSA. The mice with a high titer were further injected intraperitoneally (i.p.) with 100 μg Pb-KLH. Three days later, splenocytes were collected and fused with SP2/0 cells at a ratio of 10:1 with PEG1450 (Zhang et al., 2018; Jia et al., 2019). The fused cells were seeded into 96-well microplates and cultured in RPMI 1640 with a 20% FBS/HAT medium (Zhang et al., 2018). Then, positive hybridoma cells secreting antibodies against Pb were determined by iELISA (Ling et al., 2014; Zhang et al., 2018).
2.4 Characterization of the positive hybridoma cells secreting antibodies against Pb
The isotype of mAb was determined with an antibody isotyping kit (Sigma, Shanghai, China). Chromosome analysis was carried out with the Giemsa stain solution as described previously (Yuan et al., 2012; Ling et al., 2014).
2.5 Generation and purification of anti-Pb mAb
Antibody generation and purification are performed as described previously (Zhang et al., 2018). In brief, approximately 1 × 106 positive hybridoma cells were injected into the mouse abdominal cavity. After 1 week, the ascites fluid was collected for antibody purification. The anti-Pb mAb was purified with Protein G and analyzed with 10% SDS-PAGE.
2.6 Determination of antibody affinity and specificity
The affinity of antibodies against Pb was determined with iELISA as described previously (Zhang et al., 2018). Various concentrations of Pb-BSA (5 μg/ml, 2.5 μg/ml, 1.25 μg/ml, and 0.625 μg/ml) were used as coating antigens, and the affinity constant (Kaff) was calculated with the published method (Ling et al., 2015). In brief, the antibody concentration ([Ab]) was analyzed at the IC50 of various concentrations of Pb-BSA according to the affinity curve using Origin 8.0. The Kaff was calculated using the equation (Kaff = 0.5*(n-1)/(n [Ab]t-[Ab]). In the equation, [Ab]t and [Ab] represent the antibody concentration at the IC50 of the antigen concentration [Ag]t and [Ag], respectively, while n represents the ratio of [Ag]–[Ag]t. The specificity of mAb against Pb was determined by icELISA (indirect competitive enzyme-linked immunosorbent assay) (Ling et al., 2014). The limit of detection (LOD) represents the concentration of free antigens that inhibit the 10% binding between antibodies and immobilized antigens, which is calculated using the curve equation with y (B/B0) equal to 0.9. Different ions of metals (Pb, Mg, Zn, Cu, Ca, Cd, Mn, Fe, Cr, and EDTA) were used as competition antigens in this study. The other steps are consistent with the standard protocol of ELISA.
2.7 Development of Au nanosphere particles and Au nanoflower particles
AuNS was developed using the citrate reduction method described previously (Ling et al., 2015). The development of AuNF refers to the seeding growth method (Ji et al., 2015). In summary, AuNS was used as gold seeds, and the mixture composed of sodium citrate, hydroquinone, and HAuCl4 solution was the growth solution. 750 μl HAuCl4 solution (1%), 500 μl AuNS solution, 300 μl sodium citrate, and 1 ml hydroquinone (30 mmol/L) were sequentially and slowly added into 0.1 L deionized water with constant stirring. After overnight reaction, the color of the solution becomes blue. The obtained blue AuNF solution can be stored at 4°C for use. TEM (transmission electron microscope) was used to characterize AuNS and AuNF particles, including the morphology and average size. ZETASIZER was used to analyze the diameter distribution of AuNP and AuNP-based probes.
2.8 Probe preparation
To develop AuNS-based probes, 300 μl mAb (0.8 mg/ml) against Pb was added into 10 ml of AuNS solution with gentle stirring. After blocking with BSA, polyethylene glycol 20000 (PEG 20000) was added to the reaction solution for 30 min at room temperature. The obtained AuNS probes were used in AuNS-based strips after centrifugation and resuspension in PBS. For AuNF-based probes, 360 μL mAb against Pb were added into 10 ml of AuNF solution with gentle stirring.
2.9 Assembling of Au nanosphere particle- and Au nanoflower particle-based strip
AuNS- and AuNF-based strips were assembled with a sample pad, conjugate pad, nitrocellulose (NC) membrane, and absorption membrane. After synthesis, probes were sprayed onto the conjugate pad. The Pb-BSA and goat anti-mouse IgG antibodies were immobilized on the NC membrane to form the test line (T line) and control line (C line), respectively. The competition reactions were indicated at the T lines on the strips.
2.10 Sample pretreatment and detection
Samples including rice powder, sweet potato powder, wheat meal, and cornmeal were used for Pb detection. Samples were dissolved in water before Pb detection. All samples were filtered with a 0.22-μm filter and mixed with an equal volume of EDTA solution (0.1 mM). The prepared samples were used as competing antigens for icELISA and AuNS- or AuNF-based strip detection.
3 RESULTS
3.1 Screening of hybridoma cells secreting antibody against Pb
To generate complete antigen of Pb, a dual function cross-linker ITCBE was used. ITCBE was conjugated with BSA, and Pb was then chelated with ITCBE-BSA, forming Pb-ITCBE-BSA (Pb-BSA). Compared with unconjugated BSA, Pb-BSA exhibits a fast migration velocity and blue shift phenomenon in light absorption peak (Figure 1A), which were consistent with the observations in our previous study (Ling et al., 2021). Pb-ITCBE-KLH (Pb-KLH) was generated with the same method as Pb-BSA. Then, the Pb content in Pb-BSA and Pb-KLH samples was determined by ICP-MS. As shown in Table 1, Pb was not detected in BSA or KLH, while a remarkably high Pb content was detected in Pb-BSA and Pb-KLH. These results indicated that complete antigens for Pb have been successfully generated.
[image: Figure 1]FIGURE 1 | Screening of hybridoma cells secreting antibodies against Pb. (A) Analysis of antigens with light absorption scanning and agarose electrophoresis. Pb-BSA: Pb-ITCBE-BSA. (B) Titers of mice serum were determined by iELISA. (C) Isotype analysis of antibodies secreted by 9B7 and 8B8 cell lines. (D) Chromosome analysis of the 9B7 cell line with microscopy.
TABLE 1 | Detection of Pb in complete antigens.
[image: Table 1]After five times of mice immunization with Pb-KLH, mice serum was collected for titer determination with iELISA. Pb-BSA conjugates were used as testing antigens. As shown in Figure 1B, the serum from three immunized mice all exhibited a high titer against Pb. The spleen B cells from the immunized mice were fused with SP/20 cells to produce the hybridoma cell lines. After screening, two cell lines, 9B7 and 8B8, which can secrete anti-Pb antibodies, were successfully obtained. The subtypes of antibodies from 9B7 to 8B8 were both determined as IgG2b (Figure 1C). 9B7, which was found more stable, was chosen for further characterization. As shown in Figure 1D, the chromosome number of the 9B7 cell line was determined as 108 ± 1, approximately equal to the total chromosome number of the spleen cell (39 ± 1) and the SP2/0 myeloma cell (68 ± 2), suggesting that the 9B7 cell line was successfully fused from spleen cells and SP2/0 myeloma cells and qualified for further application.
3.2 Generation and characterization of the anti-Pb antibody
To gather enough monoclonal antibodies (mAb), 9B7 hybridoma cells were injected into the peritoneal cavity of Balb/c mice. A week later, the mice ascites was collected for purification of anti-Pb mAb. As shown in Figure 2A, two distinct bands, heavy chain and light chain of antibodies, were observed, indicating that 9B7 mAb was successfully purified. The 9B7 antibody was sensitively responsive to Pb but not cross-reactive with other tested metal ions, showing that 9B7 mAb has high specificity to Pb (Figure 2B). The affinity constant of the 9B7 antibody for Pb was measured as Kaff = 3.56 × 109 L/mol (Figure 2C), suitable and potentially valuable for further application.
[image: Figure 2]FIGURE 2 | Characterization of 9B7 antibody. (A) SDS-PAGE analysis of 9B7 antibodies purified from ascites. (B) Specificity of the 9B7 antibody was determined by icELISA. (C) Affinity constant of the 9B7 antibody was determined by iELISA.
3.3 Optimization of experimental conditions for Pb detection by the 9B7 antibody
The absorbance at OD 450 nm was used to measure the reaction of Pb detection. The optimal coating concentration of Pb-BSA was determined to be 5 μg/ml, and the applied concentration of antibody is 22.81 ng/ml. As shown in Figure 3A, B/B0 results were closely correlated with Pb concentrations, and the curve equation was determined to be y = 0.0933 + 0.8185/(1+(x/58.75)ˆ0.8145), with R2 = 0.9941. The range of linear Pb detection was 0.0018 μg/ml–2.29 μg/ml (Figure 3B), covering the potential Pb concentration of most environmental samples. The value of IC50 was determined to be 58.75 ng/ml, and the limit of detection (LOD) was 0.18 ng/ml. These results showed that the 9B7 antibody has high sensitivity and a good linear range for Pb detection.
[image: Figure 3]FIGURE 3 | Establishment of the standard curve and linear equation for Pb detection. (A) Standard curve of icELISA for Pb detection. (B) Linear equation of icELISA for Pb detection.
3.4 Development of gold nanoparticles and AuNP-based probes
Two types of gold nanoparticles (AuNP), Au nanoshpere (AuNS) and Au nanoflower (AuNF), have been developed in this study. The AuNS particles, which exhibit red color (Figure 4A), have a diameter of about 15 nm and maximum absorbance of 520 nm (Figures 4B–D). In contrast, AuNF particles, exhibiting blue color (Figure 4E), have a diameter of about 60 nm (Figure 4F) and maximum absorbance of 600 nm (Figure 4G). AuNPs were then used to label 9B7 antibodies as probes for Pb detection. As shown in Figures 4C,G, compared with AuNS and AuNF, AuNS- and AuNF-labeled antibodies have maximum absorbance at 625 nm and 670 nm, respectively, showing an observable red shift. The phenomenon of the red shift was possibly due to the changed component and diameter with antibodies attaching to AuNP particles, consistent with our previous results (Ling et al., 2021). To further characterize the conjugation of antibodies and AuNPs, the diameters of AuNP particles have also been measured. Compared with AuNPs, the AuNP-based probes exhibited an observable shift of diameters (Figures 4D,H), which was due to the attached antibodies. These phenomena also signaled that antibody labeling was successful. These AuNS- and AuNF particle-labeled 9B7 antibodies were then used as probes for the AuNP-based strips.
[image: Figure 4]FIGURE 4 | Characterization of Au nanoparticles. (A,E) Profile of AuNS and AuNF particles. (B,F) Diameters of AuNS and AuNF particles. (C) Light absorption of AuNS- and AuNS-labeled 9B7 antibodies. (D) Diameter distribution of AuNS and AuNS-labeled 9B7 antibodies. (G) Light absorption of AuNF and AuNF-labeled 9B7 antibodies. (H) Diameter distribution of AuNF and AuNF-labeled 9B7 antibodies.
3.5 Assembling of Au nanosphere particle- and Au nanoflower particle-based strip
The AuNP-based strip was composed of a sample pad, conjugate pad, NC membrane, and absorption pad. The sample pad is used for sample loading, and the conjugate pad is sprayed with AuNS- or AuNF-labeled antibodies. In this study, the optimal labeling concentration of antibodies was determined to be 24 μg/ml and 28.8 μg/ml for AuNS and AuNF, respectively. The NC membrane including test and control zone is used for analyte detection. The Pb-BSA coating antigens and the goat anti-mouse IgG antibodies were immobilized in the test zone and control zone, respectively. To evaluate the AuNP-based strip, different concentrations of Pb are used as the analyte. Compared with the control line (C), a weaker color at the test line (T) was defined to be a positive signal. As shown in Figure 5A, 3.91 ng/ml–125 ng/ml of Pb was effectively detected with an AuNS-based strip. In contrast, 0.2 ng/ml–50 ng/ml of Pb has been effectively detected with an AuNF-based strip (Figure 5C). The developed AuNP-based strips were not cross-reactive with other representational ions, including Ca, Cd, Cu, and Cr, at the concentration of 200 ng/ml (Figures 5B,D), indicating that the AuNP-based strip in our study was specific for Pb detection. Compared with the AuNS-based strip, the AuNF-based strip is highly sensitive and relatively suitable for Pb detection in tested samples, which is potentially valuable for Pb detection in real samples.
[image: Figure 5]FIGURE 5 | Characterization of the AuNS- and AuNF-based strip test. (A) Sensitivity of the AuNS-based strip test. (B) Specificity assay of the AuNS-based strip test. (C) Sensitivity of the AuNF-based strip test. (D) Specificity assay of the AuNF-based strip test.
3.6 Application of Au nanoflower particle-based strips in real samples
Considering the detection sensitivity, the AuNF-based strips were further used for Pb detection in real samples, including rice, sweet potato, wheat meal, and cornmeal. As shown in Table 2, Pb has not been detected in rice, sweet potato, and wheat meal, in which the concentration of Pb was less than 0.2 ng/ml determined by ICP-MS. In contrast, Pb was detected in the cornmeal sample, in which the concentration of Pb was determined to be 0.29 ng/ml (Table 2). These results indicate that our AuNF-based strips are effective and suitable for on-site Pb detection in real samples. Moreover, the detection results were displayed in 10 min, showing the valuable prospect for rapid detection of Pb. Also, this strip test is supposed to be potentially effective for other common samples.
TABLE 2 | Detection of Pb in real samples.
[image: Table 2]4 DISCUSSION
With the increasing in population, it is necessary to develop a rapid method to detect lead (Pb), which threatens the health of human beings. To detect Pb, monoclonal antibody (mAb) has been proven to be effective (Zhu et al., 2007), but the traditional method of ELISA using antibodies is time-consuming. At the same time, it provides an opportunity for fast detection of Pb using a monoclonal antibody. To generate a complete antigen of Pb, a dual-function cross-linker ITCBE was successfully used to conjugate Pb with a carrier protein. To avoid the denaturation of carrier protein, Pb is advised to be added at the last step during the conjugation as described previously. Combined with previous results (Ling et al., 2021), our study suggested that agarose electrophoresis and light absorption were feasible methods to examine the result of carrier proteins and heavy ions (Figures 1A,B). 9B7 monoclonal antibody, exhibiting a high affinity for Pb (Figure 2), has been screened in this study. 9B7 mAb was shown to detect Pb with a good linear range (Figure 3B) using icELISA, which is valuable for Pb detection. Although the ELISA method using the 9B7 antibody was also effective for detecting Pb in samples, more than 2 h were necessary for this method due to the experimental procedure (Ling et al., 2014; Zhang et al., 2018). For example, Zhou et al.(2011) reported an enhanced ELISA method for sensitive detection of Pb, but the method took around 8 h–10 h, including antigen coating. In such a case, it is hardly satisfying for the requirement of rapid detection on site. Considering that LFIA has been widely used in fields of rapid detection (Zhou et al., 2020; Chen et al., 2022), two types of AuNP (AuNS and AuNF), which have different diameters and shapes (Figure 4), have been developed for establishment of LFIA probes in this study. Two types of AuNP-based strips were all effective for Pb detection (Figure 5), which are suitable for rapid Pb detection. Moreover, the AuNF-based strip is around 20-fold more sensitive than the AuNS-based strip for Pb detection in our comparative experiment (Figure 5), which is reasonable (Zhang et al., 2015; Ling et al., 2021) and meaningful. Why the AuNF-based strip is more sensitive than AuNS for Pb detection? In our study, the main differentiating factors are diameter and shape (Figure 4). This bigger diameter and multi-branched flower shape seem to be beneficial to antibody association. In this study, the optimal concentration of antibodies for AuNF labeling is 28.8 μg/ml versus 24 μg/ml for AuNS. On the other hand, AuNF exhibits higher optical brightness, which was possibly due to the tips of AuNF and large-size diameter (Xu et al., 2016; Chen et al., 2022).Thus, more sensitive LFIA methods of Pb detection are theoretically possible through tailoring nanoparticle designs (Zhou et al., 2019; Chen et al., 2022; Duan et al., 2022). Although the detailed mechanism is unclear, the AuNF-based strip is more sensitive for Pb detection in this study. Considering the increasing requirements of environment quality, AuNF-based strip is potentially valuable in the future. The Pb detection in real samples with an AuNF-based strip further proved that the AuNF-based strip test is effective and promising for rapid detection of Pb in various food and environmental samples.
In summary, 9B7 anti-Pb mAb with high affinity has been screened, and then two types of AuNP-based strips were successfully assembled using AuNP probes with 9B7 antibodies. The AuNS- and AuNF-based strips were all effective for rapid detection of Pb ions. Furthermore, our study indicated for the first time that AuNF-based strips showed around 20-fold more sensitivity in Pb detection than AuNS-based strips. AuNF-based strips also effectively detect Pb in real samples, providing a feasible solution for rapid detection of Pb in daily samples, which is beneficial to food safety and public health.
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