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Development of immunoassays for the determination of
phthalates
Lei Li and Mingcui Zhang

The Key Laboratory of Functionalized Molecular Solids, Ministry of Education, Anhui Key Laboratory of
Chemo/Biosensing, Laboratory of Biosensing and Bioimaging, College of Chemistry and Materials Science,
Anhui Normal University, Wuhu, People’s Republic of China

ABSTRACT
The development of highly selective analytical methodologies to
monitoring phthalates (phthalic acid esters, PAEs) is important for
the safety of environment, food and equipment. As one of the
most important and classical interactions in biological systems,
antigen–antibody interactions constitute a highly specific
chemical nature in biological systems, which inspire us to develop
highly specific, highly selective and high-throughput
immunoassays for monitoring PAEs in different fields. We here
attempt to give an introduction of the recent development
particularly focusing on the immunoassay based on the specific
binding of antigen–antibody for detecting PAEs. We also present
an overview of the potential applications of the antibody labelling
strategies to immunoassays for PAE investigations. Finally, we
present the major challenges and opportunities regarding the
high selectivity and specificity of PAE analysis based on the
antigen–antibody interaction. We believe that this review provides
critical insights into highly selective PAE analysis and gives an
understanding of immunoassays.
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1. Introduction

Since the 1920s, phthalates or phthalic acid esters (PAEs) have been used as artificial
chemicals, which were widely used in the form of plasticizers for the synthesis and proces-
sing of plastics (Net, Sempere, Delmont, Paluselli, & Ouddane, 2015). Plastic products are
still indispensable in human life (Guo & Kannan, 2013). Because PAEs could change the
flexibility of polyvinyl chloride to achieve the diversification of plastic products (Li,
Panchal, Mafi, & Xi, 2018), PAEs were widely used in real life (Shi, Cao, Zhang, &
Zhao, 2018). However, several studies have shown that the existing form between PAEs
and PVP was not combined by chemical bonds (Benning, Liu, Tiwari, Little, & Marr,
2013; Xu, Xiong, Zhao, Xiang, & Wu, 2019). Overtime the plasticizer will detach from
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the plastic products (Gartner, Balski, Koch, & Nehls, 2009; Schettler, 2006) and spread
widely, including plastic-based containers, ships, packaging materials and other plastic con-
tainers, such as clothing, sports equipment, toothbrush and other daily necessities (Gong,
Weschler, & Zhang, 2016; Guo & Kannan, 2013; O’Connell, Kincl, & Anderson, 2014).
Then it caused pollution to the environment (Net et al., 2015; Qiao, Wang, Yan, & Yang,
2014). It also harm human health (Katsikantami et al., 2016) and even affect fertility
(Gao et al., 2018; Maitre et al., 2018) and hormone secretion (You et al., 2015), especially
the incident of phthalate-contaminated foodstuffs happened in Taiwan between April and
July, 2011 (Hsiao et al., 2011). A recent research reveals that plastic teabags release billions
of microparticles and nanoparticles into tea, its dose-dependent behavioural and develop-
mental effects were revealed through an invertebrate toxicity assessment (Hernandez
et al., 2019). Therefore, the development of new methodologies and technologies like the
detection of PAEs is of great significance to human health, the environment and food safety.

Thus, it is necessary to develop novel quantitative technology with a high selectivity
and specificity towards PAEs. To date, only instrumental analysis method has been
most popular in developing strategies for the quantitative analysis of PAEs in samples.
This strategy uses the physiochemical properties of PAEs in gradient eluent to conduct
a qualitative and quantitative analysis. These instrumental analyses include gas chromato-
graphy (Lin, Chen, Zhu, & Wang, 2015), high-performance liquid chromatography
(Draviam, Kerkay, & Pearson, 2006), gas chromatography-mass spectrophotometry detec-
tion (Xu et al., 2014; Insuan et al., 2016) and liquid chromatography-mass spectrometry
detection (Hsu, Peng, Li, Lin, & Liao, 2011; Vavrous et al., 2019). Even though several
national standards stated by the instrument analysis that has practical difficulties and it
necessitates professional, exquisite operator and complex sample processing steps are essen-
tial in performing the analysis. In addition, by a combination of favourable optical proper-
ties, separation characteristics and surface modification, the detection systems based on
magnetic material, noble metal nanoparticle and aptamers have been designed and success-
fully applied for the determination of PAEs (Han et al., 2017; Yan et al., 2018; Yang, Liu,
Yan, Liu, & Zheng, 2016). Apparently, these strategies have an advantage over conventional
design principles of analysis methods; nonetheless, their reproducibility, universality and the
stability of the sensor itself are difficult to guarantee. The performance of the novel nanoma-
terial-based sensor, their characteristics and biodegradability might cause secondary poten-
tial safety issues (Wang et al., 2019), resulting from size, charge, morphology, chemical
composition of nanoparticles and causing it to be hidden in an environmental matrix or bio-
logical environmental matrices. Therefore, it is imperative to develop some simple, cheap,
accurate, sensitive and specific strategies to detect PAE in samples.

Antigen–antibody interaction is the biochemical essence inherent in the high specificity
in life activities, where antibody biological macromolecules (i.e. polyclonal antibody and
monoclonal antibodies) play essential roles in many biological activities mainly by
binding antigenic determinants (Cooper, 2015). Inspired by this idea, the immunoassays
have been greatly developed, which are based on the highly specific molecular recognition
of antibodies and antigens to achieve the qualitative and quantitative analysis for PAEs.
Furthermore, the key to developing an immunoassay for target analyte compounds is to
produce an antibody with high affinity and high selectivity. Besides, analytes that do
not stimulate the animal to produce directly specific antibodies, often require the intro-
duction of a modifiable functional group and the attachment of the tether to the carrier
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protein (Chen et al., 2015; Tochi et al., 2016a). Figure 1 depicts the concept of immunogen
and coated antigen design of phthalates. This review summarizes several examples of the
immunoassay strategies to detect PAEs, which are demonstrated for studying human
health, the environment and food safety. In view of these, we first discuss the selectivity
and specificity of enzyme-linked immunoassays by enzyme-labelled antibodies. Then
we describe the fluorescent immunoassay by fluorescent-labelled antibody strategies to
demonstrate the selectivity and specificity of immunoassay. In addition, we have system-
atically reviewed the quantitative detection of PAEs in the environment and foodstuff by
enzyme-linked immunoassay, biotin–streptavidin enzyme-linked immunoassay, fluor-
escence immunoassay, chemiluminescence immunoassay and time-resolved immunoas-
say (Figure 2). Finally, we demonstrate the strategy to synthesize the probe antibody
achieved by self-assembly between the label and the antibody.

Figure 1. The schematic diagram of the synthesis of phthalates antigens. Immunogens and coated anti-
gens using different protein, BSA and OVA were selected.

Figure 2. The several strategies of an immunoassay for the quantitative determination of PAEs mainly
include enzyme-linked immunoassay (ELISA), biotin-streptavidin enzyme-linked immunoassay (BA-
ELISA), fluorescence immunoassay (FIA), chemiluminescence immunoassay (CL-ELISA) and time-
resolved immunoassay (TRFIA).
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2. Improving the efficiency and specificity of the existing PAE detection
strategies

To date, numerous analytical methods for detection of phthalate esters have been devel-
oped, and various detection methods have been developed in different samples such as
plastic products, cosmetic products and drinking water (Tian et al., 2015; Vavrous
et al., 2019; Yan et al., 2018). These existing analytical methods, including instrumental
analysis, magnetic material sensor and fluorescent sensor, showed high sensitivity.
However, the complexity of the sample pretreatment renders a great challenge to these
methods with efficiency and specificity. This part discusses tactics to improve the
efficiency and specificity of the enzyme (e.g. Horseradish peroxidase)-based labelled anti-
body for the detection of PAEs by immunoassays. The method for the construction of high
efficiency and specificity immunoassay platform by using different kinds of enzyme-
labelled antibodies (e.g. primary antibody and secondary antibody) was mainly discussed.
The several strategies of an immunoassay for detecting PAEs are summarized in Table 1.

2.1. Competitive enzyme-based immunoassays strategies for PAE detection

Enzymes, a kind of vital biocatalysts, play an important role in protein design and directed
evolution (Zhang, Quin, & Schmidt-Dannert, 2018). Numerous biochemical reactions
could be carried out efficiently due to the action of the enzyme, specifically under extre-
mely mild conditions (Tran & Balkus, 2011). Among all the enzyme-based reactions,
the enzyme-labelled protein has attracted much attention since it could form target-bio-
catalysts with specific functionalization through the form of chemical modification (Kai,
Chen, Monterroso, & Zhou, 2015). We found that horseradish peroxidase is frequently
employed to label antibody and form an enzyme-labelled antibody, which get the
utmost out of the characteristics of antigen–antibody-specific reactions and the
efficiency of enzyme catalysis (Xu et al., 2012), thereby achieving the high efficiency
and specificity of the enzyme-based immunoassay for the detection of PAEs. Two kinds
of enzyme-based immunoassay strategies (i.e. indirect competitive enzyme-based immu-
noassay and direct competitive enzyme-based immunoassay) are used for the detection of
PAEs with efficiency and specificity, of which the use of horseradish peroxidase as the high
biocatalyst antibody provides the high-specificity recognition site. This means generally
realized by the specificity of antigen–antibody-specific binding and colour changes
based on enzyme catalysed substrate, as first reported by Zhang group (Zhang et al.,
2010; Zhang & Sheng, 2010). In this case, the specificity of the competitive enzyme-
based immunoassay was also dominated through the type of antibody. The polyclonal
antibody has been widely used as the medium for the specific recognition of an analyte;
but, it cannot be simply used an enzyme-based immunoassay for the detection of PAEs
because of its low purity. Therefore, it is necessary to control strictly the titre of polyclonal
antibodies to prevent nonspecific adsorption and the appearance of false signals. The other
strategy is to use monoclonal antibodies conjugated with an enzyme to guarantee the
specificity in the competitive enzyme-based immunoassays, as reported by the Xu
group (Tochi et al., 2016a, 2016b). But, the high cost and complex technology increased
the difficulty in obtaining monoclonal antibodies. Despite this, both strategies have
been demonstrated to be useful for PAE detection with efficiency and specificity.
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Table 1. Examples of immunoassays for the detection of PAEs.
Method Analyte Linear range (mol/L) LOD (mol/L) Matrix Reference

dc-ELISA DEHP 10−3 to 103 ng/mL 0.0042 ng/mL Infant supplies Zhang et al. (2015)
DCHP 0.1–100 ng/mL 0.03 ng/mL Foods Zhang, Wang, Yu, Hu, and Liu (2013)
DEP 0.1–3500 ng/mL 0.0096 ng/mL Water samples Zhang, Cong, Sheng, and Liu, (2010)
DMP 0.05–30 ng/L 0.02 ng/L Food samples Zhang, Liu, Cong, Liu, and Hu (2011)
MEHP 0.56–1000 ng/L 0.39 ng/mL Human urine Feng et al. (2013)
MBP – – Human urine Li et al. (2013)
DPP 0.01–16 ng/mL 0.01 ng/mL Plastic materials. Zhang, Hu, et al. (2013)

ic-ELISA BBP 3.1–25.2 ng/mL 2.5 ng/mL Water samples Li et al. (2019)
4.2–76.4 ng/g Soil samples

DMP 17.12–102.57 ng/mL 0.012–0.042 ng/mL Greenhouse soils Tang et al. (2015)
DBP 5–250 ng/mL 21.5 ng/mL Liquor samples Kuang et al. (2013)
DEP 0.005–18.6 ng/mL 0.0049 ng/mL Foods Zhang, Yu, Wang, Hu, and Liu (2012)
DMP 0.02–419 ng/mL 0.01 ng/mL Water samples Zhang, Liu, Zhuang, and Hu (2012)
DBP 1.74–123 ng/mL 0.426 ng/mL Certain plastic Wei et al. (2011)
DOP 5–75 ng/mL 1.990.1 ng/mL PVC samples Kuang, Xu, Cui, Ma, and Xu (2010)

BA-ELISA DEHP 0.021–12.948 μg/mL 0.0074 μg/mL Beverages Sun and Zhuang (2014)
DEP 0.021–9.512 μg/mL 0.0079 μg/mL Wine samples Sun and Zhuang (2015b)
DBP 0.002–8.97 μg/L 5 ng/L Drinking water Sun and Zhuang (2015a)
DMP 0.024–6.027 μg/L 0.0082 μg/L Milk and cheese Sun and Zhuang (2015d)
DMP 10–100 ng/L 1.98 pg/L Beverage and drinking water Sun and Zhuang (2015c)

FAI DiBP 10.47–357.06 ng/mL 5.82 ng/mL Oil samples Cui et al. (2015)
DMP 0.05–30 ng/ml 0.02 ng/ml Water samples Zhang et al. (2011)
DCHP 0.1–200 μg/L 0.05 μg/L Water Samples Zhang et al. (2010)
DBP 0.1–100 mg/L 0.05 mg/L Water Samples Zhang, Wang, and Zhuang (2007)
DBP 0.1–300 μg/L 0.02 μg/L Plastic drinking water bottle Zhang, Wang, and Zhuang (2006)

CL-ELISA DMP 0.74–30.32 μg/L 0.29 μg/L Soy Sauce and Liquor Zhu et al. (2015)
DPP 0.03–500 μg/mL 0.03 μg/L Food Samples Zhang, Hu, et al., (2012)

TRFIA DEP 0–61.3 ng/mL 4.9 ng/mL Surface water Zhu et al. (2019)
DBP 0–94.57 ng/mL 3.9 ng/mL Surface water Zhu, Mao, and Du (2017)
DMP 0.74−30.32 μg/L 0.29 μg/L Soy sauce and liquor Zhu et al. (2015)
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2.1.1. Direct competitive enzyme-based immunoassay strategies for PAE detection
Usually, a direct competitive enzyme-based immunoassay strategy for PAE detection by
direct conjugation between enzyme and antibody was designed to select the enzyme
according to the corresponding characteristics of the substrate from the ELISA design
principle. The Xu group has developed an enzyme-linked immunoassay for dibutyl phtha-
late (DBP) in liquor using a specific monoclonal antibody against DBP (Li et al., 2013).
The Ren group has established a direct competitive immunoassay for the detection of
mono-2-ethylhexyl phthalate in human urine (Feng et al., 2013). In addition, our group
has reported several types of enzyme-linked immunoassay for detection of PAEs including
di-(2-ethylhexyl) phthalate in infant supplies, dicyclohexyl phthalate in foods, dipropyl
phthalate in plastic food contact materials, dimethyl phthalate (DMP) in water samples
and diethyl phthalate (DEP) in spiking water samples (Zhang et al., 2010; Zhang, Hu,
et al., 2013; Zhang, Wang, et al., 2013; Zhang et al., 2015; Zhang et al., 2011). These strat-
egies enhance the efficiency and specificity of enzyme-based immunoassay. However, we
have found direct competitive enzyme-based immunoassay strategies for PAE detection
using a large amount of antibodies.

2.1.2. Indirect competitive enzyme-based immunoassay strategies for PAE detection
Based on the problems mentioned above, we have developed an indirect competitive
enzyme-based immunoassay strategy for PAE detection. Thus, we have summed up
several indirect competitive enzyme-based immunoassays for PAE detection by conjugat-
ing enzyme with the secondary antibody to combine the primary antibody (Kuang et al.,
2010, 2013; Wei et al., 2011). This strategy effectively economizes the amount of the
primary antibody and decreases non-specific adsorption and strengthens the sensitivity
of the immunoassay (Li et al., 2019; Tang et al., 2015). Our previous work has developed
several indirect competitive enzyme-based immunoassay for detection of DMP in
environmental water samples (Zhang, Liu, et al., 2012; Zhang, Yu, et al., 2012). All
these excellent properties of the indirect competitive enzyme-based immunoassay made
them particularly attractive for environmental water sample applications. Thereafter,
indirect competitive enzyme-based immunoassay for detection of PAEs has received a
wide range of applications as reported by another group.

2.2. Biotin–streptavidin enzyme-based immunoassay strategies for PAE
detection

In the late 1970s, a new type of bioreactor amplification system has developed based on
biotin–avidin-system, which has become a new technology widely used in the quantitative
detection of trace analytes (Li et al., 2017). On the basis of above, the biotin–streptavidin
system has introduced an enzyme-based immunoassay to amplify reaction signal because
the biotin–streptavidin enzyme-linked immunoassays (BA-ELISA) has demonstrated that
eight-folds higher sensitivity than the traditional ELISA under the same antibody and
coating antigen (Wang, Zhang, Gao, Duan, & Wang, 2010). This strategy has been
reported by the Zhuang group, including the biotin–streptavidin enzyme-based immu-
noassay for the determination of PAEs mainly in beverages and drinking water, milk
and milk products and wine samples (Sun & Zhuang, 2014, 2015a, 2015b, 2015c).
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These studies provide an effective strategy for the determination of PAEs via the biotin–
avidin amplification system.

3. Improving the sensitivity and selectivity of the existing PAE detection
strategies

Although the use of the enzyme catalysis and biotin–avidin amplification system is an
excellent way to construct the highly effective immunoassay platform, the low signal
value for some substrate molecules essentially limits the sensitive determination for
PAEs in human health, the environment and food safety analysis. Rational selection of
the signal probe essentially gives a good solution to constructing a highly sensitive immu-
noassay platform (Xiong et al., 2018; Yang et al., 2018). In this part, we demonstrate
several examples of fluorescent probe-labelled polyclonal antibody and further construct
the highly sensitive immunoassay platform for PAE analysis. The strategy demonstrated
here could be applied for other fluorescent probe-labelled antibodies and may open up
a new method in the design of the highly sensitive immunoassay platform for PAE
analysis.

3.1. Fluorescent-linked immunoassay strategies for PAE detection

Inspired by the high efficiency and specificity of enzyme-based immunoassay strategies,
we proposed a novel immunoassay strategy to enhance the sensitivity of immunoassay
using new fluorescein derivatives (i.e. fluorescein isothiocyanate, rhodamine isothiocya-
nate). These fluorescein derivatives could be bound to antibodies spontaneously
without any coupling agent in mild reaction conditions (Wei, Hsu, Lee, Lin, & Huang,
2012). The fluorescein isothiocyanate (FITC) is one of the most popular fluorescent
probes widely applied in protein labelling (Wu, Shanmugam, Tseng, Hiseh, & Tseng,
2016). Thus, a novel competitive fluorescence immunoassay for the determination of
DBP in environmental samples using a polyclonal antibody, as reported by the Zhuang
group and our group (Zhang et al., 2006, 2007, 2010, 2011). The fluorescence immunoas-
say platform sensitively determinates PAEs after fluorescent probe-labelled antibody
specificity combined with coated antigen (Cui et al., 2015). Furthermore, we also system-
atically studied the two strategies: the sensitivity and accuracy of the enzyme-linked
immunoassay and fluorescence immunoassay using the same antibody and coating
antigen and found significant differences between them. In this study, we found that
the strategy of FITC-immunoassay significantly improves the sensitivity for PAE analysis,
unfortunately, it possesses a high background signal.

3.2. Chemiluminescent enzyme immunoassay strategies for PAEs

The chemiluminescence-based enzyme immunoassay (CL-ELISA) improves the sensi-
tivity of the experiment to a certain extent by enhancing the intensity of the signal
value (Yao et al., 2019). The CL-ELISA resembles ELISA, in its basic principle except
that the luminescent properties produced by the enzyme catalysing the substrate are
different. CL-ELISA is by definition the chemiluminescence intensity produced by a
chemical reaction is directly proportional to the amount of analyte present in a sample
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(Zeng et al., 2016). Once the chemiluminescence enhancer is introduced into the peroxi-
dase-luminol-H2O2 system that drives the chemiluminescence and light is produced
(Chen et al., 2017). Thus, this approach increases the sensitivity of immunoassays based
on a low background. Based on the above, we believe that chemiluminescence strategy
would effectively overcome the above weakness. This idea was initially inspired by the
properties of chemiluminescence; luminol catalysed to the ground state by HRP-labelled
antibody and then an enhancer in oxidant condition was accompanied by a similar fluor-
escence emission (Zhu et al., 2015). More importantly, the chemiluminescence immu-
noassay strategies showed significantly higher sensitivity, as demonstrated in our
previous work (Zhang, Hu, et al., 2012). This work provides a highly sensitive strategy
for detecting PAEs in foodstuffs.

3.3. Time-resolved fluorescence immunoassay strategies for PAEs

Time-resolved fluorescence immunoassay (TRFIA) is a special kind of fluorescence analy-
sis that uses a lanthanide-labelled antigen or antibody to measure fluorescence (Deng
et al., 2016). This strategy could effectively eliminate the interference of non-specific fluor-
escence and greatly improve the sensitivity of analysis due to the luminescence properties
of the lanthanide chelates. A non-radioactive trace analysis method is formed based on the
combination of time-resolved fluorescence and specific immune response. This strategy is
applied to environmental monitoring of esters. Sun et al. developed a Eu3+ labelling TRFIA
for analysing food samples (Zhu et al., 2015). Du et al. developed a sensitive direct com-
petitive TRFIA for the quantitative determination of trace DEP in environmental waters.
Furthermore, a dual-labelled TRFIA for the sensitive detection of DEP and DBP in aquatic
environments using europium (Eu3+) and samarium (Sm3+) as fluorescent labels
(Zhu et al., 2017, 2019). The most commonly used rare earth metals are mainly Eu and
Tb. Although Eu has a long fluorescence lifetime, its instability in water requires the
addition of an enhancer. On the contrary, Tb has good stability, but its short fluorescence
wavelength, severe scattering and easy decomposition limit its application. Therefore, the
selection of the fluorescent probe in the fluorescent immunoassay for PAE detection
requires not only a fluorescent probe having high photobleaching resistance but also a
green, stable and high luminous intensity.

4. Self-assembly strategies for labelling antibody preparation

In addition to the attention paid to the development of immunoassay based on the signal
probe engineering of the polyclonal antibody, we were also interested in the extension of
the strategies demonstrated above to prepare new materials with emerging antibody lab-
elling strategies based on another probe. We have prepared a new kind of carbon dot fluor-
escent probe that was formed from glutaraldehyde and carbon dots very recently, which
first usually form carbon nanoclusters and self-assemble to form carbon nanocrystals,
nanospheres or nanofibres in different ionic strength solutions at room temperature.
The aldehyde functionalized polymorphic carbon dot fluorescent probe can covalently
bond easily with amino groups on proteins (i.e. antibody). The formed polymorphic
carbon dot fluorescent probes not only show good stability and unique optical properties
that are originated from the precursors of the carbon dots but also exhibit good water-
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solubility, photostability and widely applied in the biomedical field easily due to the con-
necting proteins (Li, Lian, Yan, Xia, & Zhang, 2018). These unique properties essentially
made the materials particularly attractive for electronic equipment, labelled probes and
imaging reagent development (Lim, Shen, & Gao, 2015) for example, by the self-assembly
of carbon dot for applications in direct imaging and biosensing (Jiang et al., 2015), disease
diagnosis, print ink, photocatalysis and photovoltaic devices (Sun, Zhang, Jiang, Wu, &
Lin, 2016; Wang, Chen, & Zhou, 2018). The evaporation-induced carbon dot self-assem-
bly gives rise to different morphology fluorescent probes under different ionic strength
conditions. Crucially, these different morphology fluorescent probes can further bind to
the amino groups on the protein under approximately neutral conditions. This goes
especially well with antibody labelling and bioanalytical conditions. This makes carbon
dot to a powerful fluorescent labelling tool in the bioanalysis field. Based on this, we
also developed a carbon dot-based immunoassay to demonstrate the utility of the fluor-
escent probe, where the experiment group fluorescence intensity is about 10 times that
of the blank control group (Li, Lian, et al., 2018). By contrast, when only carbon dots
were examined, no significant fluorescence signal was observed, indicating good specificity
and selectivity of the proposed fluorescent immunoassay. We believe that this kind of new
materials would be very useful for the development of fluorescent immunoassay, by this
strategy integrating excellent protein labelling probe and further improving the sensitivity
and selectivity of fluorescent immunoassay.

5. Conclusions and prospects

The development of high efficiency and specificity immunoassays for the sample analysis
has become a hot topic between food chemistry and environmental science because of its
excellent properties in understanding the immunoassay for the determination of PAEs.
The development over several years ago has demonstrated that changing the type of the
signal probe could develop high efficiency and specificity immunoassay for the determi-
nation of PAEs in food chemistry and environmental science applications. Based on
this immunoassay protocol, numerous novel immunoassays were developed for PAE
analysis in samples by selecting different signal probes. Generally, in the immunoassay
protocol, high background for plate is always accompanied by the entire measurement
process. Therefore, how to rationally design fluorescently labelled probes in these pro-
cesses becomes the key point to achieve high efficiency and specificity for the determi-
nation of PAEs. To realize the high selectivity, efficiency and specificity for the
determination of PAEs, the strategies for labelling antibodies should be rationally designed
and fluorescent probes with excellent performance should be selected. On this basis, this
review also provides insights into the labelled highly active biomolecules (i.e. antibody).
We investigated the importance of self-assembly labelled proteins strategy in immunoas-
say. At present, the self-assembly labelled antibodies/antigens strategy is the most widely
used method for the labelling of antibodies/antigens due to the complete reservation of
binding sites for antibodies/antigens. Compared to covalent conjugation, the coupling
agent molecules often lack the ability of specifically binding the proteins, which lead to
the loss of covered active-binding sites. Thus, the way to conjugation labelling has a
huge impact on the affinity of antibodies and is essentially the most critical step in the
whole immunoassay. Although the review in this paper is not comprehensive, we have
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demonstrated that the strategies and future trends described here can be further developed
into a common immunoassays platform for PAEs in food and environmental science.
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