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Phthalic acid esters (PAEs) are often added to plastics to enhance elasticity,
transparency, durability and prolong service life as a kind of plasticizer. However,
they are not chemically bonded to polymers and are difficult to degrade, which
makes it easy for them to release into the environment and enter the human
body from various potential sources. This results in environmental pollution
and poses health risks. In order to protect ecosystem, ensure food safety and
prevent disease, there is an urgent need for sensors that can achieve point-of-care
detection of PAEs. Optical sensors have advantages of simplicity, portability and
low cost, and have been widely applied to the detection of PAEs. In this review,
we focus on introducing the recent advancements and trends in optical sensors
for detection of PAEs represented by colorimetric (CL) sensors, fluorescence
(FL) sensors and surface-enhanced Raman scattering (SERS) platform. Based on
recognition strategies (e.g., label-free, aptamer, molecularly imprinted polymer,
antibody and enzyme), the significant achievements of these optical sensors in
the past 5 years are systematically classified and described in detail. Researchers
can quickly know the development status of optical sensors for detection of PAEs
in the past 5 years. This review highlights the strengths of each sensor type while
also identifying their application limitations, providing researchers with valuable
insights into future directions for optical sensor research.
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1 Introduction

Phthalic acid esters (PAEs) are a series of ester compounds containing benzene ring,
which are composed of dialkyl or alkylaryl esters of 1,2-benzenedicarboxylic acid (Lee et al.,
2019). PAEs as plasticizers are extensively added to personal care products (e.g., nail polish
and shampoo), drugs, solvent adhesives, food packaging, medical equipment, building
materials and agricultural films (Wang Y. et al, 2019; Abeysinghe et al., 2022). PAEs are not
chemically bound to the polymer, so they can easily release into environment and finally
enter human body from various potential sources, which will cause environmental pollution
and health threatening (Zhang et al., 2021). With the development of industrialization, a large
number of PAEs are used in plastic products. Studies have shown that PAEs can be detected
in the air, soil, water of the Yangtze River and the ocean (Chen, 2019; Hidalgo-Serrano et al.,
2022; Mietal,, 2019; Wang W. et al., 2018). PAEs in the environment will be absorbed during
plant growth, and will also enter and accumulate in the organism. That could cause significant
toxic and side effects such as plant growth retardation, yield decline and quality degradation
and will also have a huge negative impact on the biota (Cao et al., 2022; Wang F. et al., 2022;
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Sun etal, 2023; Zhang D. et al., 2023). PAEs have also been detected
in agricultural products, most fermented food products and foods
containing plastic packaging bags (Dong et al., 2019; Tan et al., 2018).
These PAEs can cause harm to health after entering the human body
through the food chain (Reyes and Price, 2018; Fu et al., 2023). Long-
term intake of PAEs can affect neurotransmitter activity, lead to
neurobehavioral disorders, and increase the risk of asthma in
children (Kang et al., 2023; Gari et al., 2019; Huang P. C. et al., 2022;
Zhao Y. etal., 2022). Up to now, there are more than 30 kinds of PAEs
(Dong et al,, 2024). Six kinds of PAEs including DEHP, DBP, butyl
benzyl phthalate (BBP), dimethyl phthalate (DMP), diethyl phthalate
(DEP) and di-n-octyl phthalate (DNOP) are listed as priority
pollutants by the United States Environmental Protection Agency
(USEPA), the European Union (EU) and China (Gong et al., 2024).
The basic information about the above six PAEs is shown in Table 1.

TABLE 1 Six kinds of PAEs in restricted list and their basic information.

10.3389/fsufs.2024.1474831

The concentration of DEHP in drinking water should be lower
than 8 pg/L (2.05x 10~*mol/L), which is one of the lowest molarity
limits of pollutants including heavy metal ions, pesticides and
polycyclic aromatic hydrocarbons recommended by the WHO (Net
etal,, 2015). China, the United States, Japan and other countries have
regulated the content of these six PAEs in all toys and products of
children to no more than 0.1% [Commission Regulation (EU), 2018].
China has put forward relevant suggestions on the maximum residue
of PAEs in food. For example, the content of DEHP and DBP in
liquor and other distilled liquor should not be higher than 5 and
1 mg/kg (Sate Administration for Market Regulation, 2019). About
600 million people around the world suffer from diseases after
ingesting contaminated food every year, and about 10% of them die
from diseases (World Health Organization, 2021). In recent years,
food safety awareness has been widely spread among consumers, and

Abbreviation = Chemical Structural formulas Samples with Reference
molecular PAEs
formula
o Tap water, pork, bottled | Zhang Y. et al. (2023),
beverages, plastic Wang Y. et al. (2021), and
Bis(2-ethylhexyl) (6] particles Tu et al. (2019)
DEHP C,H,,0,
phthalate (0]
O\):/\/
O Pond water, liquor, fish, | Zhu et al. (2018), Chen
/\/\ juice etal. (2022), You et al.
O ou et :
Dibutyl phthalate DBP C,eH,,0, (2022), and You et al.
O\/\/ (2022)
(@)
o Liquor, rice wine Liu et al. (2018) and Li
etal. (2019)
(0]
Benzyl butyl phthalate = BBP C,oH,00,
(0]
O\/\/
(0] Liquor, tap water, Liet al. (2023)
o - bottled beverages
Dimethyl phthalate DMP C,oH,,0,4
SN
River water Zhu et al. (2019)
SRS
Diethyl phthalat DEP C,,H,,0,
0\/
Abeysinghe et al. (2022)
O/\/\/\/’\
Di-n-octyl phthalate DNOP C,H30,
S Vg
(6]

“~” means that the research on the relevant detection in the real sample has not been found.

Frontiers in Sustainable Food Systems 02 frontiersin.org


https://doi.org/10.3389/fsufs.2024.1474831
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

Zhang et al.

food safety analysis methods have been continuously improved.
However, issues related to food safety incidents are still the focus of
attention in many developing countries (Soon et al., 2020; Selva
Sharma etal,, 2024; Ding et al., 2022). Therefore, the development of
sensors that can achieve point-of-care detection of PAEs is of great
significance for the prevention and control of PAEs. Optical sensors
have the advantages of simplicity, non-destructiveness and portability,
which are expected to realize the point-of-care detection of PAEs. A
series of optical sensors for quantitative detection of PAEs have been
developed (Zhang C. et al., 2023; Pablo et al., 2023; Ly et al., 2021).
However, there is a lack of systematic summary for the current
research on colorimetric (CL) sensors, fluorescence (FL) sensors,
surface-enhanced Raman scattering (SERS) platform and dual-mode
optical sensors for detection of PAEs. Therefore, this review aims to
summarize the recent advancements of optical sensors including CL,
FL, SERS and dual-mode sensors for detection of PAEs, from the
aspects of detection mechanism and application. As shown in
Figure 1, CL, FL, SERS and dual-mode sensors for detection of PAEs
are discussed as follows: (i) The CL sensors for detection of PAEs are
divided into direct detection and indirect detection. (ii) The FL
sensors for detection of PAEs are classified to direct detection and
labeled with FL probe. (iii) The different metal materials (e.g., Ag, Au,
and Au-Ag) are used to construct the Raman substrate in SERS
sensing platform. (iv) The bifunctional materials in the dual-mode
sensor are discussed. In addition, it is quick to understand the
development status of optical sensors for detection of PAEs in the
past 5 years and the future research directions of optical sensors by
this review. In conclusion, this review provides guidance for the
rapid, real-time and sensitive detection of PAEs by optical sensors.

2 Application of optical sensors for the
detection of PAEs

Optical sensors detect small entities based on the interaction
between light and matter with the strength of the principles of
absorption, emission, and FL (Qin et al., 2022). When light interacts
with objects, there are three forms of energy transfer: absorption,
transmission and reflection. Owing to the differences in the internal
biochemical components, texture and apparent morphology of the
target compound, the optical signal is attenuated at different
intensities. The optical sensors can collect the generated signal and
visualize it into a spectral line through computers (Liu F et al., 2023;
Lu et al., 2020). Based on this, the type and concentration of the
target can be determined. Optical sensors usually include a
transducer component and a recognition unit that can interact
selectively with targets. Various optical sensors currently have been
developed for quantitative analysis include CL, FL, SERS. In these
methods, color changes, FL generation and quenching, as well as
changes in spectral patterns and peak shifts, are related to the
concentration of the target. Moreover, the optical sensing system has
immunity to electromagnetic interference, and can exhibit stable
performance and high signal-to-noise ratio even in complex
environments (Ma et al., 2023). Recently, optical sensors have also
been widely used in the detection of PAEs. Next, the optical sensors
for detection of PAEs will be described based on CL, FL, SERS, and
dual-mode methods.
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2.1 CL sensor for detection of PAEs

The CL methods can determine the content of the target by
measuring or comparing the color depth of the colored substance
solution. This method utilizes the absorption characteristics to the
specific wavelength light of the colored substance to qualitatively
analyze. The principle is that the color of the colored solution
generated after the addition of the chromogenic agent or the color
depth of the measured substance solution is proportional to the
content of the substance (Wang Y. et al., 2022). The CL methods have
many advantages: Firstly, CL methods allow in situ visual detection
founded on color change without complex instruments (Jiang et al.,
2022). Secondly CL sensor arrays provide an approach with simplicity
and efliciency for the rapid detection and recognition of chemical
substrates by utilizing digital imaging (Lin et al., 2023). Thirdly, CL
sensors are easy to miniaturize and allow multiple analyses using a
single control instrument at the central site. Fourthly, it can be used
for the detection of explosive, flammable and toxic substances. In
addition, of high
non-destructiveness, fast response and low limit of detection (LOD)

it also has the advantages selectivity,
(Huang et al., 2018). In recent years, CL methods have made some
progress in the detection of PAEs. The characteristics of CL sensors
constructed in these works are shown in Table 2.

After converting PAEs into dyes, the total amount of PAEs at
sub-micromolar levels can be easily determined by CL method. The
CL method without recognition elements is known as direct detection.
For example, the PAEs are hydrolyzed in sodium hydroxide solution,
and then dehydrated to form phthalic anhydride. The product can
be converted into a marker by reacting with resorcinol. The presence
of PAEs can be determined by absorbance spectrophotometry
(Yanagisawa and Fujimalki, 2019). This CL method provides a simple
screening method for the detection of PAEs, but it cannot identify
individual PAEs. Au nanomaterials display different colors according
to their aggregation state, shape and size, which provide good
platforms for the development of CL sensors in biological field. The
development of Au nanomaterials has promoted the progress of CL
detection (Yu et al, 2020). PAEs can cause the aggregation of
functionalized Au nanoparticles (Au NPs), resulting in a change in the
color of the solution, which provides a research idea for the detection
of PAEs by CL sensors. Yan et al. (2021) proposed a simple and
innovative CL method based on DBP-induced aggregation of arginine
functionalized Au NPs (ARG-Au NPs). There is a strong non-covalent
interaction between DBP and ARG-Au NPs (electrostatic, van der
Waals force and hydrogen bonding), which leads to the decrease of
electrostatic repulsion between the nanoparticles and aggregation.
Therefore, the color of ARG-Au NPs changes from red to blue. When
the concentration of DBP in the solution is more than 1.0mg/L
(3.59x107*mol/L), the color change of the solution can be obviously
observed by the naked eye. In this system, DBP can be rapidly and
semi-quantitatively detected without sample pretreatment technology
and tedious operation. Recently, M13 bacteriophage-based sensors
have also been widely studied for their flexible responses to changes
in the target substance (Lec et al, 2023). The intermolecular
interactions (or binding affinities) between the M13 bacteriophage
and target chemicals can be regulated by genetic engineering
techniques. When the external gas is exposed, the distance between
the self-assembled M13 bacteriophage bundles will change, resulting
in a change in the scattering color. The self-assembled structure has
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FIGURE 1
Schematic diagram of common optical sensors for detection of PAEs.
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the characteristics of easy tunability and multi-functionality, so
we have advantages in using M13 bacteriophage as sensor applications
and biomaterials (Kim et al., 2023). Seol et al. (2019) studied the
potential of CL sensors based on M13 bacteriophage for the analysis
and detection of four PAEs (DEHP, DBP, DEP, and BBP) with similar
molecular structures. The magnitude and pattern of the RGB color
change vary due to the functional groups present in the PAEs
structures. DEHP with a long alkyl chain causes a slight color change.
BBP with an additional benzene ring has a large color change when
measured. Because the tryptophan-histidine-tryptophan residues on
the self-assembled phages contain imidazole and indole, the surface
of the sensor constructed by the self-assembled phages can interact
with the benzene ring in BBP by z-n interaction, resulting in a large
color change. The CL sensor constructed in this study is

Frontiers in Sustainable Food Systems

multifunctional and can be applied to on-site screening. Although
direct detection mode is simple, the selectivity of the CL sensors
is limited.

By introducing recognition elements such as aptamers and
antibodies into the CL method, the selectivity of the sensor can
be improved. Horseradish peroxidase (HRP) is a natural enzyme with
high selectivity and excellent catalytic efficiency, which is often used
in the study of CL sensors (Zhao T. et al., 2022; Wang D. N. et al,,
2019). Zhu et al. (2018) constructed an ingenious HRP-based CL
immunosensor for detection of trace DBP in Figure 2A. In the
presence of HNO;, a large amount of Cu (II) is released after
Cu-MOFs@Ab, is captured by the antigen-primary Ab, complex.
After the addition of sodium ascorbate, Cu (II) is further reduced to
Cu (I), resulting in the inhibition of HRP-catalyzed colorless 3,3, 5,5

frontiersin.org


https://doi.org/10.3389/fsufs.2024.1474831
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

Zhang et al. 10.3389/fsufs.2024.1474831

TABLE 2 Characteristics of the developed CL sensors for detection of PAEs.

Type of = Functional Recognition @ Type of Linear range Limit of  Real References
sensor nanomaterials element signal (mol/L) detection = sample
response (mol/L)
DBP CL ARG-Au NPs Label-free Turn on 0.0~1.0x10~° 1.8x1077 Liquor Yan et al. (2021)
Pure water,
HRP/Cu-MOFs@Ab/
DBP CL TMB Antibody Turn on \ 3.6x107° pond water, = Zhuetal. (2018)
liquor
Liquor,
DMP Pt@Au@AD,/Pt@Au@ 2.6x107%~5.2x1077 5.2x1071, plastic
CL Antibody Turn off Li et al. (2023)
DBP Ab, 3.6x107°~1.2x1077 1.8x107° bottled
drinks
1.9x107° ~7.7%x107° 1.2x1077
DEP DBP
DEHP CL Au NPs Aptamer Turn on 1.2x107°~2.5%x107° 2.8x1077 - Guo et al. (2021)
22x107°~85%x10° 3.7x1077
Mfold secondary
PAEs CL Aptamer Turn on 7.7%107% ~2.6x107* / - Chen et al. (2021)
structure
Water in
5.1%x107" ~2.6x107"° 1.7x107" Zhang Y. et al.
DEHP CLEC H-Gr/TMB Aptamer Turn off plastic
2.6x1077 ~2.6x107"° 8.5x107 (2023)
bottle
4.0x107°
PAEs CLFL HPEAPB/PDDB MIP Turn on/ off \ . - Gong et al. (2017)
2.0x10™

“\” means that the linear range is not clearly pointed out in the corresponding work, “/” means that the limit of detection is not clearly pointed out in the corresponding work, “~” means that

the real sample is not examined in the corresponding work.

" -tetramethylbenzidine (TMB) to blue oxidation product (oxTMB).
The method shows good accuracy and reproducibility and the
proposed immunosensor indicates great potential for trace DBP
determination from environmental and food samples. However,
nanozymes have a wide range of applications in many fields such as
the detection of biomedicine, biosensing, pollutant and antibacterial
products because of their advantages of economy, stability and large-
scale preparation, compared with natural enzymes. As a kind of
nanomaterial with a variety of enzyme-like activities and enzymatic
catalytic properties, nanozymes have become a new strategy for design
of CL sensors. Single-atom nanozymes have received extensive
attention due to their unique structures and high enzyme-like
activities of atomically dispersed metal sites, among the multitudinous
nanozyme materials. They have displayed tremendous potential to
replace natural enzymes in the field of disease treatment,
environmental control, biochemical analysis and other fields (Zhang
T. et al,, 2022; Wang M. et al., 2020; Cai et al., 2021; Liu et al., 2020;
Wu et al, 2021; Wang et al., 2023; Niu et al., 2019). At the same time,
the aptamer can quickly and conveniently detect the target, and it can
be introduced into the CL sensors to detect PAEs, which can
simultaneously identify a variety of PAEs with similar structures
(Chen et al,, 2021). Zhang Y. et al. (2023) realized the detection of
DEHP by using the aptamer of hemin-graphene chloride (H-Gr)
hybrid and DEHP. The H-Gr nanocomposites have intrinsic
peroxidase-like activity that can catalyze the colorless TMB to generate
blue oxTMB. The constructed sensor has the potential to be an
efficient tool for the detection of DEHP in water samples. Au NPs can
also be combined with recognition elements to achieve selective
detection of PAEs. Based on DNA-modified Au NPs, a simple and
rapid method for the detection of DEP, DBP and DEHP was proposed
by Guo etal. (2021). After DNA modification (aptamer-B, aptamer-E
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and aptamer-H), Au NPs can form aggregates in the presence of PAEs.
Therefore, it can be observed that as the concentration of PAEs
increases, the absorption ratio increases, and the solution shows an
obvious color change from red to blue. Li et al. (2023) used a new
strategy to combine Pt@Au nanozymes with high catalytic
performance to create two catalytic signal probes: Pt@ Au@Ab, and
Pt@Au@Ab,, which were specifically used to detect DMP and DBP, as
shown in Figure 2B. These catalytic signal probes realize the
simultaneous detection of DMP and DBP, which lay a foundation for
the development of CL immunoassay. Although this CL sensor with
indirect detection mode provides a powerful tool for simultaneous
quantification of DMP and DBP in real samples, its linear ranges are
relatively narrow. It is necessary to design novel materials with high
activity and high stability to increase the sensitivity of sensors for
detection of PAEs in real samples.

2.2 FL sensor for detection of PAEs

The generation of FL is that the material can emit light when it
returns to the ground state after absorbing short-wave energy
(Jablonski, 1933). The condition for the FL of organic molecules is that
the energy level difference between the highest occupied molecular
orbital and the lowest unoccupied molecular orbital is small. The
presence of fluorophore is a necessary condition for the generation of
fluorescence. The FL sensors include two elements: recognition group
and fluorophore, which are commonly used methods for detection of
substances. These two elements can be connected in a conjugate
system to achieve the detection of the target. The FL of the fluorophore
will be affected, when the analyte is identified, giving rise to changes
in FL signals such as FL lifetime and FL intensity. The fluorophore can
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convert the information of the analyte into a FL signal, so as to achieve
simple and highly selective detection (Liu et al., 2020). Due to the
increasing requirements for the detection ability and stability of FL
sensors, more and more emerging nanomaterials (e.g., Au NPs, MoS,
nanosheets, graphene oxide, and carbon nanotubes) have been applied
to FL sensors to improve sensor performance. Nanomaterials have
efficient FL quenching characteristics, which promote the
development of FL sensors (Liu et al., 2020; Lan et al., 2018; Guo et al,
2011). The research on the detection of PAEs by FL method in recent
years is summarized in Table 3.

It is well known that PAEs themselves do not emit light, but they
can be converted into luminescent products. For example, PAEs are
hydrolyzed into FL-free PAEs in a strong alkaline solution, which then
react with hydroxyl free radicals generated during photo-Fenton
process catalyzed by vermiculite-loaded BiFeO; to produce a

Frontiers in Sustainable Food Systems

fluorescent product. The FL intensity is proportional to the
concentration of PAEs, based on which the sensitive detection of PAEs
can be realized (Zeng et al., 2017). In order to improve the FL intensity
of PAEs derivatives, Qiu and Li (2018) proposed a simple method for
detection of PAE derivatives by FL spectroscopy founded on a double-
substitution modification. This method does not affect the function
(stability and insulation) of the sensor. The detection of PAEs
derivatives is more environmentally friendly, because the toxicity,
mobility, and persistence of PAE derivatives are reduced to varying
degrees compared with PAEs, and their amounts of bioaccumulation
are not changed obviously. In order to realize the detection of PAEs,
Lu et al. (2021) proposed a BODIPY fluorescent dye
(3-(4-(5,5-difluoro-2-(4-(hydroxymethyl) phenyl))-1,3,7,9-
tetramethyl5H-514,614-Bispyrrole [1,2-c:2,1-f] (Lee et al., 2019
Abeysinghe et al., 2022; Wang Y. et al., 2019) borothiaserine-10-yl)
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phenyl)-2-(4-nitro) (BCNOH) modified with
p-nitrodiphenyl acrylonitrile and hydroxymethyl phenyl group, as
shown in Figure 3A. BCNOH is turned on by PAEs to form a
non-emission water caged BCNOH. The combination of water caged
BCNOH and PAEs can generate nano FL dyes (nano-BCNOH).
Hydroxymethyl phenyl group of BCNOH could bind more DBP. The
trigger that turned on the FL emission is the interaction between

phenylnier

p-nitrodiphenyl acrylonitrile and DBP. The results show that
weakening the isomerization of water caged BODIPY dyes provides a
potential method for turn-on FL sensors. Although the method is
simple, it is not sensitive.

Fluorophores or fluorescent dyes have been used widely as
mediums to gain readout signals in various assays or bioimaging due
to their versatilities such as biocompatibility (Huang X. et al.,, 2022).
Those fluorescent dyes-based techniques manipulate glycan-lectin
interaction, base complementation, Ab-protein interaction, etc., for
the selectivity analysis of molecular interactions of biomacromolecules
(Luan et al,, 2016). Although PAEs themselves do not emit light, they
can be labeled with fluorescent labels for detection through emission
(Savicheva et al., 2020) In recent years, quantum dots (QDs), as an
emerging nanomaterial, have been widely used in the study of
fluorescent sensors because of their ability to enhance FL signals.
CdTe QDs can also be combined with MoS, QDs (Figure 3B) that
provide self-calibration signals to construct a proportional FL sensor
system for the detection of DEHP (Wang Y. et al., 2021). Zhou et al.
(2017) synthesized a novel fluorescent molecularly imprinted polymer
(5i0,@QDs@MIP) based on Mn-doped ZnS QDs and SiO,
nanoparticles. The composites exhibit outstanding molecular
recognition ability of MIP and optical properties. It can recognize the
template molecule DBP with high selectivity. The QDs of metal oxides
[such as ZnO (Wang Y. et al., 2018)] or metal compounds [such as
CdTe (Chen et al.,, 2022)] as optical materials can be combined with
MIP to achieve selective detection of DEHP and DBP in
Figure 4A. Graphene QDs (GQDs) can be quenched by Au NPs. Based
on this, an aptasensor can be developed for detection of 11 PAEs (Lim
et al.,, 2022). Carbon dots (CDs) have the characteristics of real-time
and non-destructive detection. CDs have been widely applied in rapid
detection. Some studies have used CDs to detect PAEs, such as Chen
etal. (2023a) reported an ultrasensitive FL immunoassay using red
CDs@Si0, (R-CDs@Si0,) as tags for trace detection of DEP. SiO, as a
nanocarrier can effectually enhance the utilization rate and
bio-functionalization of CDs. In addition, R-CDs embedded in SiO,
nanospheres (NS) can enhance sensitivity and amplify the FL signal.
The FL immunosensor constructed by R-CDs@SiO, coupled with
anti-DEP ADb can realize the selective recognition of DEP. Ashokan
and Bhunia (2023) synthesized nitrogen and boron co-doped yellow
FL CDs (B, N-C-dots). These B, N-C-dots selectively detect PAEs in
aqueous solution, and the FL quenching rate is as high as 95% after
PAEs treatment. The method for labeling amino-modified nucleic acid
aptamers using double-emission CQDs provides more precise results
and has a stronger anti interference ability compared with the single
wavelength emission method. Therefore, the sensor can be used for
detection of DBP in soybean oil and edible liquor (Wang X. et al.,
2020). The tricolor ratiometric FL sensors have a wider range of color
variations in the visual detection of DBP compared with single-
emission or dual-emission sensors. It provides an ideal choice for
intuitive and rapid detection of DBP in the aquatic products and
environment (You et al., 2022). Other nanomaterials with efficient FL
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quenching properties have also been used in the study of FL sensors.
Zhu et al. (2019) established a dual-label time-resolved FL
immunoassay using europium (Eu’*) and samarium (Sm®) as
fluorescent markers to detect DEP and DBP in aquatic environment.
In order to shorten the detection time, Kim et al. (2020) proposed a
non-equilibrium rapid replacement aptamer (NERRA) assay, which
could perform ultra-fast (in 30s) quantitative detection of PAEs
without waiting for the reaction to reach equilibrium. The PoPo; dye
is embedded into the aptamer of ssDNA by NERRA assay. When the
intercalated dye is replaced by PAEs, it will quench in water. The
change rate of FL is proportional to the concentration of PAEs. Based
on this, PAEs in water can be selectively detected and quantified. As
shown in Figure 4B, Dolai et al. (2021). combined the nanocomposites
composed of poly-cyclodextrin and graphene oxide with the
molecular imprinting of DBP. The molecular imprint inside the
nanocomposite can achieve selective capture of DBP. After that, the
“turn on” detection of the constructed FL sensor is realized by the
competitive binding of graphene oxide and fluorescein. The
combination of nanocomposites and paper strips can be used for rapid
and simple read out detection of DBP in polluted water. In order to
improve the impact of the inherent interior correction calibration on
the environment and improve the accuracy and precision, Meng et al.
(2022) combined the dual-output ratiometric FL assays with the
enzyme-linked immunosorbent assay (ELISA) to construct a
ratiometric FL immunoassay based on Ag NPs for the detection of
DBP. Ag NPs are labeled on the Ag NPs@Ab, for signal amplification
to regulate the concentration of H,O,. The addition of H,0, can
effectively quench the blue fluorescence of scopoletin and produce the
red fluorescence of Amplex Red, when Ag NPs-Ab, and antigen-
primary Ab, are linked by selective recognition. Founded on a new
tetrahedral DNA nanostructure (TDN) -scaffold-DNAzyme
(Tetrazyme), Zhu et al. (2021) established a high-throughput
proportional FL amplification ELISA for the detection of DBP in
aquatic systems. Among them, the HRP-mimicking enzyme is derived
from the Tetrazyme formed by the precise folding of the G-quadruplex
sequence on the three apexes of hemin and TDN. The rigid TDN can
avoid the local crowding effect, thus providing a reasonable spatial
spacing for the G-quadruplex sequence on the interface. In addition,
it can also enhance the catalytic ability of the DNAzyme, thereby
increasing the chance of collision between the substrate and the
DNAzyme. In summary, the sensor provides a potential strategy for
rapid detection of DBP in environmental water. However, the sensor
suffers from various interferences such as non-selective binding and
cross-fluorescence reactions in the actual environmental. In addition,
the direct detection mode of FL methods is currently unable to achieve
selective recognition of single PAE. To obtain the FL sensors with
simplicity and portability, the composite materials combine function
of recognition and signal amplification should be carried out.

2.3 SERS platform for detection of PAEs

SERS is an ultrasensitive vibrational spectroscopy technique for
analyte characterization and determination. It has remarkable
characteristics such as high resolution, fingerprint recognition,
nondestructive and strong anti-interference ability to samples (Guo
etal,, 2020). Raman scattering is that when light interacts with matter,
photons will exchange energy with molecules in matter, resulting in a
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TABLE 3 Characteristics of the developed FL sensors for detection of PAEs.

10.3389/fsufs.2024.1474831

Target = Type of Functional Recognition = Type of Linear range Limit of References
sensor | nanomaterials = element signal (mol/L) detection
response (mol/L)
DEHP FL MoS, QDs/CdTe-Apta | Aptamer Turn off 1.3x107%~7.7x10°° 5.4x107"° Pork Wang Y. et al.
(2021)
DEHP FL ZnO QDs MIP Turn off 5.0x107 ~4.0x107° / Tap water Wang Y. et al.
(2018)
DBP FL Si0,@QDs@ MIPs MIP Turn off 5.0~5.0x10 / Tap water Zhou et al. (2017)
DBP FL CdTe QDs MIP Turn off 5.0x107* ~1.8x107° 1.6x107° Water, fish, Chen et al. (2022)
milk, juice
DBP FL Dual-emission carbon Turn on 45%x107°~5.4x10"° 1.8x107° Edible Wang X. et al.
Antibody
QDs liquor (2020)
DBP FL CdSe/ZnS QDs MIP Turn off 7.2x107°~7.2%x107° 2.3x107° Fish, You et al. (2022)
seawater
DBP FL graphene oxide/ MIP Turn on 25x10%~1x107° 2.4x107% - Dolai et al. (2021)
poly-cyclodextrin
DBP FL TDN-scaffolded- Enzyme sensing Tarn on \ 6.1x107"° Pure water, | Zhuetal. (2021)
DNAzyme river water,
(Tetrazyme) tap water,
pond water
DEP FL R-CDs@SiO, Antibody Turn off \ 5.0x107'2 - Chen et al.
(2023a)
DBP DEP FL Eu**/Sm** Antibody Turn off \ 3.4x1077 The inner Zhu et al. (2019)
2.8x1077 rivers of
Zhenjiang
city
DBP FL nano-BCNOH Label-free Turn on 50x10°~2.5%x107* 5.0x107° Rice yellow | Luetal (2021)
DEHP wine,
liquor,
spirits
PAEs FL Au NP-gQD/ GQDs Aptamer Turn on 2.6x1072~1.3x1077 1.0x107" - Lim et al. (2022)
PAEs FL B, NC-dots Label-free Turn off \ / Drinking Ashokan and
water, Bhunia (2023)
industrial
water, river
‘water
PAEs FL Fluorescence PoPo, Aptamer Turn off 2.6x1071°~3.8x107° 2.6x1071° - Kim et al. (2020)
dye
PAEs FL VMT-BiFeO; Label-free Turn on 3.8x107 ~4.8x107° 54x107% - Zeng et al. (2017)
PAEs FL BSA Label-free Turn on \ / - Qiu and Li (2018)

“\” means that the linear range is not clearly pointed out in the corresponding work, “/” means that the limit of detection is not clearly pointed out in the corresponding work, “~

the real sample is not examined in the corresponding work.

slight change in the frequency and intensity of light. The signal
intensity of SERS is vastly affected by the modification of Raman dyes
in plasmonic hot spots and the compositional details and structural of
the plasmonic nanostructures (Xue and Jiang, 2023). Therefore, the
key to obtaining strong, controllable and quantifiable SERS signals is
a strategy for high-yield and accurate synthesis of plasmonic
nanostructures with strong enhanced electromagnetic fields and the
controllable modification of the number and position of Raman dyes
in plasmonic hotspots (Nam et al., 2016). The Raman activity of PAEs
is poor, and the affinity of metal surface is very low, which greatly
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»

means that

hinders the realization of direct and effective detection of PAEs by
SERS. The equivalent charge oscillation on the metal surface can
produce an electric field enhancement effect, which makes the Raman
scattering signal of the material greatly enhanced. Therefore, the SERS
platform for detection of PAEs are based on metal nanomaterials. The
SERS platform characteristics currently used for detection of PAEs are
shown in Table 4.

SERS is an ultra-sensitive analytical tool that usually measures
single molecules by an obviously enhanced Raman scattering signal
of molecules located near the surface of metals such as Au, Ag, and Cu
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(Zhang T. et al,, 2023; Liu et al., 2024; Wang et al., 2024). As the first
material to appear Raman signal, Ag has been studied a lot in recent
years because of its strong Raman signal (Fleischmann et al., 1974; Li
etal, 2016; Li et al,, 2021). A high-density ordered SERS substrate
based on triangular Ag NP (T Ag NP) array self-assembly is developed
for detection of DBP (Xu S. et al., 2021). The sharp edges and ordered
arrangement of T Ag NPs can offer uniform and sufficient hotspots
for highly active and reproducible SERS effects. Wang et al. (2023)
developed a two-dimensional (2D) Ag plate synergizing with a Ag sol
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as a SERS substrate for the detection of potassium hydrogen phthalate
(PHP), a hydrolysate of a PAE in Figure 5A. The results show that the
detection of PHP by SERS platform is hopeful to offer a way for the
detection of PAEs in fats and oils, and has prospect application
prospects in food safety. By combining Ag with other metal
nanomaterials, such as Fe;0,@MIP@Ag, the detection of DMP can
be realized by SERS characterization. Ag@Fe;0,@Ag/f- cyclodextrin
(CD) NPs as a SERS active substrate is shown in Figure 5B (Zhou
etal, 2019). When malachite green is used as a probe molecule, the
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substrate is proved to have good repeatability and sensitivity. Recently,
MOFs have received extensive attention in the research of SERS
platforms due to their excellent absorption capacity to capture target
molecules entering the electromagnetic field. In the detection of
sensors, Ag nanowires (NWs) are embedded in functionalized metal-
organic frameworks ZIF-67 (ZIF-67@Ag NWs) composite as substrate
to construct a platform for highly sensitive detection of six kinds of
PAEs (Xu et al,, 2023). In addition, Ag NPs can also be grown on the
surface of MOFs octahedron UIO-66 (UIO-66@Ag NPs) with large
specific surface area and high porosity to form a composite SERS
substrate for detection of DEHP. The prepared UIO-66 @ Ag NPs
substrate has good adsorption performance for DEHP, and it can

Frontiers in Sustainable Food Systems

reduce the aggregation of Ag NPs, thereby increasing the “hot spots”
formed by local surface plasmon resonance (LSPR) of Ag NPs. This
work preliminarily discusses the SERS enhancement mechanism of
UIO-66@Ag NPs substrate, and the SERS signal enhancement factor
of the platform is calculated to be about 1.1 x 10”. The results show that
this method provides a suitable way for the monitoring of DEHP in
plastics by studying advanced SERS sensing materials (Xu H. et al.,
2021). Ag can also be combined with non-metallic materials to
prepare high-performance SERS substrates. The most common is to
combine with SiO, to prepare composite materials such as self-
assembly of monodisperse SiO, colloidal spheres on silicon wafers,
and then coating Ag layer on them to prepare SERS substrates. Ag NPs
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can also be gathered together and coated with silica. The obtained Ag/
SiO, SERS substrates can achieve rapid and sensitive detection of PAEs
(Tuetal., 2019; Wu et al., 2018).

Although the Raman signal of Ag is very good, Ag NPs are easily
oxidized in the air, giving rise to the weakening of the surface plasmon
resonance effect and affecting the Raman enhancement effect.
Therefore, it is also a research direction to explore other metal
materials with better performance to replace Ag NPs. Au NPs, with
antibacterial activity, unique surface plasmon resonance effect and
biocompatibility, are intermediates between metal blocks and atoms.
Spherical Au NPs have potential applications in optics due to their low
toxicity, good photoelectric properties, excellent biocompatibility and
high surface-to-volume ratio. Au NPs can increase surface
compatibility by surface modification with different substances.
Therefore, a SERS detection platform based on Au NPs can
be constructed for the analysis of PAEs (Liu L. et al.,, 2023). Simply, the
analyte BBP molecules can be loaded into the nanogaps with SERS
activity in the Au array by inducing the self-assembly of Au NPs at the
organic/water interface, thereby achieving sensitive detection of BBP
(Liu et al, 2018). Au NPs are easily anchored and growth on
bio-inspired polydopamine MIP (PDA-MIP) coating to form a three-
dimensional (3D) architecture, as shown in Figure 6A. The
distribution and particle size of PDA and Au NPs can be well
controlled through adjusting the reaction conditions. The Au NP/
PDA-MIP nanocomposite can be used to construct an excellent SERS
sensing platform for selective recognition of PAEs (Yang et al., 2020).

The anisotropic growth of bimetallic nanostructures can not only
skillfully integrate the two properties into one nanoarchitecture, but
also highly improve the original properties. Therefore, people are
committed to synthesize anisotropic bimetallic nanostructures by
selectively growing a second material on the template nanostructures
(Yang et al, 2023). Among them, anisotropic Au-Ag bimetallic
nanostructures are prominent SERS platforms (Zhang et al., 2018).
Wang Q. et al. (2021) combined the SERS strategy with plasmonic
core-shell Au NS@Ag nanocubes (Au NCs) with abundant LSPR as
substrates and successfully used it for sensitive and rapid detection of
BBP in liquor. As shown in the Figure 6B, the synthesized Au@Ag NCs
composed of Ag cuboid shells and Au nanorod (NR) cores can produce
broader and richer plasmon resonance modes than Au NRs (Wang
Q. et al, 2021). In this system, the unique core-shell A u@Ag NCs are
used as SERS active substrates. The SERS sensing platform based on
this SERS substrate realizes the detection of BBP content in liquor
samples, and the LOD is as low as 1.3 mg/kg. Therefore, the unique
bimetallic material provides an effective tool for the sensitive and rapid
detection of PAEs in liquor samples. Ansah et al. (2022) proposed an
Ag-Au bimetallic nanocomposite (SGBMNC) with internal hot spots
to construct a SERS sensing platform for PAEs detection. Compared
with the traditional SERS platform without internal hotspots, Au
significantly enhances the plasmonic activity by replacing Ag NPs to
provide the hotspots area for SGBMNC by galvanic replacement
reaction (GRR). During the GRR process, the analyte diffuses to the
proposed interior hotspots, and sensitive detection can be achieved
within 10s. Zhang J. F. et al. (2022) synthesized Au@Ag@b-CD NPs
with a particle size about 13 nm, and successfully modified b-CD on
its surface. An efficient synthetic method for the preparation of a SERS
substrate is proposed, that is, Au@ Ag@b-CDNPs and analytes are self-
assembled into a coffee ring pattern through the coffee ring effect. This
effect can make Au@Ag@b-CD NPs and PAEs gather to the edge
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together to achieve concentration enrichment. In addition, the b-CD
modified on the surface of Au@Ag@b-CD with core-shell structure
has a cavity structure, which can adsorb the analyte into the
hydrophobic cavity through host-guest recognition, so as to achieve
the purpose of enriching the analyte concentration. In the process of
enrichment, the concentration of the analyte surface is improved. In
addition, the analyte and other substances in the analyte solution can
be effectively separated in this process. SERS seems to be a promising
technique to fabricate a simple and universal biosensor, but it depends
on Ag, Au and Ag-Au materials. To popularize the application of SERS
method in practical detection, more low-cost and high-stability
materials should be designed.

2.4 Dual-mode sensor for detection of
PAEs

The above-mentioned individual methods for detection of PAEs still
have some challenges in ensuring the accuracy of their results. The
results obtained by the dual-mode measurement method can be mutually
confirmed, and the accuracy of the detection results can be effectively
improved by self-correction. The bifunctional materials are required for
construction of dual-mode sensors. For example, Li et al. (2019) provided
an effective and selective dual-mode sensor for the detection of trace BBP
by constructing -CD stabilized Au NPs (Au NPs@B-CD) colloids in
Figure 7A. As switchable Raman reporters and macromolecular binder,
BBP could assemble Au NPs@B-CD into photonic clusters with various
shapes. The Au NPs@B-CD cluster triggered by BBP has rich hot spots
in SERS mode, so it can amplify the corresponding SERS signal, and the
LOD is 1.0x 10~ mol/L. In CL mode, the Au NPs@p-CD cluster is used
as the chromogenic substrate, and the distinguishable response of CL can
be accurately quantified by UV-Vis spectroscopy. The LOD of BBP can
reach 1.49x 10-*mol/L. In addition, the combination of FL and CL to
construct a multifunctional chemical sensor is expected to be used for
low-cost, accurate and simple detection of trace PAEs (Gong et al., 2017).
Chen et al. (2023b) constructed a dual-mode immunoassay based on
blue CDs@SiO,@MnO, (B-CDs@SiO,@MnQO,), which could
simultaneously detect DEP by FL method and CL method, as show in
Figure 7B. In this system, MnO, nanosheets have oxidase-like activity.
Under acidic conditions, colorless TMB can be oxidized to yellow TMB**
and the color of the solution also changes. Moreover, the FL of B-CDs@
SiO; is quenched by MnO, nanosheets. After the addition of ascorbic
acid, MnO, nanosheets are reduced to Mn?*, and the fluorescence of
B-CDs@SiO, is restored. The experimental results show that the results
of the constructed dual-mode immunosensor have good consistency,
and it can be considered that the dual-mode immunosensor is reliable
for the detection of DEP. Figure 7C shows that a simple preparation
method of dual-mode nanocomposites for sensitive detection of PAEs
by coupling SERS and up conversion FL as signal can be proposed (Rong
et al, 2021). In the sensing system based on Au NPs modified up
conversion NPs (UCNPs), UCNPs are used as signal molecules, Au NPs
are applied as SERS substrates, and aptamer is used as recognition tags
for PAEs. The method has been successfully applied to food packaging
and spiked food samples. At the same time, the EC-CL dual-mode sensor
can be constructed by combining the H-Gr complex with the aptamers
of DEHP for detection of DEHP (Zhang VY. et al., 2023). The principle is
that the H-Gr nanocomposite has peroxidase-like activity, which can
catalyze the chromogenic substrate TMB to produce a blue oxTMB in

frontiersin.org


https://doi.org/10.3389/fsufs.2024.1474831
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

Zhang et al.

10.3389/fsufs.2024.1474831

TABLE 4 Characteristics of the developed SERS platform for detection of PAEs.

Type of Functional Recognition = Type of Linear range Limit of Real References
sensor | nanomaterials element signal (mol/L) detection sample
response (mol/L)
Tap water,
DEHP SERS Ag/SiO, Aptamer Turn on 8.0x1072~1.8x1077 8.00x 10712 bottled Tu et al. (2019)
beverages
Label-free Plastic Xu H. et al.
DEHP SERS UIO-66@Ag NPs Turn off 1.0x107" ~1.0x107* 3x107"
particles (2021)
DBP SERS TAg NPS Label-free Turn on 50x107 ~5.0%x107° 1.0x1077 - Xu S. et al. (2021)
BBP SERS Au NPs Label-free Turn on \ 3.8x10™° Liquor Liu et al. (2018)
Label-free Wang Q. et al.
BBP SERS Au NS@Ag NCs Turn on \ 1.0x107° Liquor ( )
2021
BBP SERS Ag@Fe;0,@Ag/p- CD | Label-free Turn on \ 3.8x10°° Liquor Zhou et al. (2019)
Laboratory | Zhang T.etal.
DMB SERS Fe;0,@MIPs@Ag MIP Turn on 1.0x107°~1.0x107° 42x107"
tap water (2023)
1.0x107"
DMP BBP
DEHP SERS Au NP/PDA-MIP MIP Turn on 1.0x1071°~1.0x107 1.0x1071° - Yang et al. (2020)
1.0x107°
DEHP Label-free
SERS Ag/SiO, Turn on \ 2.6x107* - Wau et al. (2018)
BBP DBP
Label-free Wang et al.
PAEs SERS 2D silver plate Turn on 1.0x107° ~1.0x 102 1.0x107° Edible oil ( )
2023
Label-free Three
PAEs SERS ZIF-67@Ag NWs Turn on 1.0x1072~1.0x1072 3.0x107%2 Xu et al. (2023)
plastics
Label-free Ansah et al.
PAEs SERS Ag-Au Turn on 3.6x107° ~3.6x107* 3.2x107° -
(2022)
Label-free Zhang J. F. et al.
PAEs SERS Au@Ag@b-CD Turn on 1.0x10%~1.0x10™* 2.0x107"° N ( )
2022

“\” means that the linear range is not clearly pointed out in the corresponding work, “~” means that the real sample is not examined in the corresponding work.

CL mode. Moreover, H-Gr can be used as an in situ probe in EC mode,
and the formed DEHP-aptamer complex will reduce the EC signal of
H-Gr. The strategy of dual-mode detection of DEHP proposed in this
study has a wide linear range and has the potential to be applied to the
detection of DEHP in water samples. Compared with the EC sensors, the
PEC sensors with higher sensitivity have been used to construct a
PEC-CL dual-mode sensors. For example, the MXene/In,S;/In,O;
composite material can be used to construct a PEC-CL dual-mode
aptasensor for the ultra-sensitive detection of DEHP (Zhang et al., 2024).
The linear range of the constructed sensor is 1.0x107° ~2.0x 10~ mol/L,
and the LOD is 2.0 x 10™*mol/L. This research provides a good prospect
for the detection of PAEs by dual-mode sensors. In view of the high
accuracy of dual-mode sensor, more dual-mode sensors are worth
designing and developing.

3 Summary and perspectives

High toxicity, wide distribution and harmfulness are the
characteristics of PAEs. PAEs in the environment not only affect the
growth of plants, but also accumulate in organisms and eventually
enter the human body. Long-term intake of PAEs can lead to obvious
depressive behavior and neurobehavioral disorders, and can increase
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the risk of asthma in children. In order to prevent and control the
pollution of PAEs, several countries have introduced relevant limit
standards in water, toys and food. The relevant limit standards of
PAEs and their actual limitation of low concentration in the
environment determine that it is very important to realize the
sensitive detection of trace PAEs. Optical sensors have the advantages
of simplicity, high selectivity, simple operation, portability and low
cost, which have been applied to the detection of PAEs. Among them,
CL sensors, FL sensors and SERS sensing platforms have been
focused on due to their excellent detection performance, and have
achieved encouraging results in the detection of PAEs. This review
mainly discusses (i) the CL methods without recognition elements
and the CL methods combined with aptamers and antibodies with
high selectivity; (ii) the FL methods with fluorescent products or
fluorescent tag; (iii) the SERS methods using Ag and Au for signal
amplification, and (iv) the dual-mode methods with high accuracy.
The latest research above shows that optical sensors are moving
toward a broader prospect. However, due to some limitations of the
optical sensor, its application in practice has not been greatly
expanded. The sensitivity of CL sensors still needs to be improved.
And the range of sample that detected by optical sensors has certain
limitations. There is also lots of space for improvement in the
portability of the detection device. The types of substances that
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Schematic illustration of (A) the BBP-mediated AuNPs@p-CD assembly and its dual-modal sensing of BBP (Li et al., 2019); (B) antibody labeled B-CDs@
Si0,@MnO; nanocomposite (i), dual-modal immunosensor for detection of DEP (i) (Chen et al., 2023b) and (C) FL and SERS dual-mode sensors for
detection of PAEs. Inset: upconversion emission and Raman spectral changes in spectra and photographs (Rong et al,, 2021). Ultraviolet (UV),
2-morpholineethanesulfonic acid (MES), Polyethylenimine (PEI), Ascorbic acid (AA).
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applied by the FL sensor are very limited. The enhancement of SERS
signal requires the introduction of precious metals Ag and Au, and it
is necessary to find materials that can replace precious metals to
reduce costs.

In the future research, the practical application of optical sensors
can be expanded from the following aspects. The range of samples
that detected by optical sensors should be expanded to obtain a wider
range of application. More types of receptors need to be designed and
explored. We can try to combine optical sensors with other
transmission or storage technologies (e.g., smart phones, shared
networks) to achieve real-time detection of PAEs on online platforms.
It is more portable and cheaper to combine the optimized design of
the optical sensors with the paper sensing system. And it can also
realize the separation and simultaneous detection of multiple targets.
Through programming and other technical means, the data collected
by the optical sensors is processed to achieve a more convenient, fast
and intuitive purpose. The optimization and development of optical
sensors from the above aspects will help them consolidate their own
advantages, expand their application scope, and facilitate the
development of their hot fields.
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Glossary
Full name Abbreviation Full name Abbreviation
Fluorescence FL Nanocubes NCs
Colorimetric CL Nanospheres NS
Surface-enhanced Raman scattering SERS Nanorod NR
Gas chromatography GC Nanowires NWs
Mass spectrometry MS Ag-Au bimetallic nanocomposite SGBMNC
High-performance liquid chromatography HPLC Triangular Ag NP T AgNP
Molecularly imprinted polymer MIP Upconversion ucC
Enzyme-linked immunosorbent assay ELISA Metal-organic frameworks MOFs
Non-equilibrium rapid replacement aptamer NERRA Quantum dots QDs
Arginine functionalized ARG Graphene qds GQDs
Galvanic replacement reaction GRR Carbon dots CDs
Limit of detection LOD Red carbon dots R-CDs
Bis(2-ethylhexyl) phthalate DEHP Blue carbon dots B-CDs
Dibutyl phthalate DBP Antibody Ab
Dimethyl phthalate DMP Tetrahedral DNA nanostructure TDN
Diethyl phthalate DEP Hemin-graphene H-Gr
Benzyl butyl phthalate BBP Horseradish peroxidase HRP
Diisobutyl phthalate DIBP Sulfotransferases SULTs
Potassium hydrogen phthalate PHP 3,3, 5,5'- tetramethylbenzidine TMB
Two-dimensional 2D Oxidized TMB oxTMB
Three-dimensional 3D Cyclodextrin CD
Nanoparticles NPs Polydopamine PDA

Frontiers in Sustainable Food Systems

20

frontiersin.org



https://doi.org/10.3389/fsufs.2024.1474831
https://www.frontiersin.org/journals/sustainable-food-systems
https://www.frontiersin.org

	Recent advances of optical sensors for point-of-care detection of phthalic acid esters
	1 Introduction
	2 Application of optical sensors for the detection of PAEs
	2.1 CL sensor for detection of PAEs
	2.2 FL sensor for detection of PAEs
	2.3 SERS platform for detection of PAEs
	2.4 Dual-mode sensor for detection of PAEs

	3 Summary and perspectives
	Glossary

	References

