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a b s t r a c t

Phthalates esters (PAEs) are extensively used as additives for polymers in plastic, particularly in polyvinyl

chloride (PVC) and polyethylene terephthalate (PET). These compounds are not part of the polymer chains

and can be released easily from products and migrate into beverages and foods that come into direct con-

tact, causing environmental and human health impacts. Simple and rapid detection of such substances

is of great significance for ensuring environmental food safety and consumer health. At present, opti-

cal sensor and electrochemical sensor detection technologies have been applied to PAEs detection due

to their advantages, such as simple, rapid, low cost, high sensitivity, simple operation, portability and

high specificity. They can make up for the shortcomings of chromatographic detection technology, such

as expensive equipment, cumbersome operation, the need for professional and technical personnel, and

difficulty in achieving a large number of sample screening objectives. In this paper, research progress on

optical sensors and electrochemical sensors for the detection of phthalates in recent ten years is reviewed

and discussed. This is helpful to better understand preparation methods for sensors and their detection

mechanisms for phthalates. The review will also be used in developing a more effective trace detection

sensor for phthalates.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Phthalates esters (PAEs) are a group of chemical com-

pounds, which include dialkyl or alkyl aryl esters of 1,2-

benzenedicarboxylic acid. The different number of carbon atoms

in alkyl groups endows them with various physical and chemical

properties [1]. Some of these compounds, such as dibutyl phthalate

(DBP), diethyl hexyl phthalate (DEHP), dioctyl phthalate (DOP), di-

isononyl ortho-phthalate (DINP) and butyl benzyl phthalate (BBP),

are widely used legally or illegally as plasticizer, softener and addi-

tive [2,3] in hundreds of products such as toys [4], food packaging

materials [5,6], medical blood bags [7] hoses [8], cleaning agents

[9], lubricants [10], personal care items [9,11], and other countless

commercial [12] and agricultural applications [13], due to their ex-

cellent performance and low synthesis cost. Nevertheless, although
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PAEs are the main components of plasticizers, they are not chem-

ically bonded to plastic components, which relies on hydrogen

bonds or van der Waals forces to bind to plastic molecules. These

forces are weak, so under certain conditions they are constantly

released into the surrounding environment across all stages of the

product life cycle, causing pollution [9,14,15]. Numerous studies

have shown that PAEs are commonly found in soil, atmosphere,

water, organisms and even human body and other natural and hu-

man environments [16]. At present, phthalate ester pollutants have

been detected in the atmosphere [15], seawater [17], groundwater

[18,19], surface water [20], drinking water [21,22], soil [23], sed-

iments [24,25], biota [26], vegetables [27], milk and so on. More

than 20 PAEs congeners have been detected in the environment

[28,29]. Moreover, to take advantage of PAEs, some illegal food

businesses tend to even add PAEs into food products to replace ex-

pensive additives, causing serious harm to consumers. And these

lipophilic compounds can enter the human body through numer-

ous ways, such as food intake, breathing, skin contact, and bioac-

cumulate in the human body [30–32]. A growing body of evidence

suggests that after being absorbed, PAEs are mainly distributed

https://doi.org/10.1016/j.cclet.2022.07.013
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in various organs of the body in the form of protein complexes

through the bloodstream, causing chronic toxic effects and even

affecting human respiratory system function [33], reproductive de-

velopment function [34–36] and thyroid function [22,37], as well

as interfering with normal glucose and lipid metabolism, caus-

ing damage to human viscera. Animal toxicology studies showed

that PAEs are the potential cause of numerous diseases, such as

(1) mutagenic and carcinogenic [38–40], (2) child attention deficit

disorder [41], (3) endocrine disorders [1,42], (4) fetal malforma-

tion [17], (5) kidney damage [43], (6) oligospermia and necrosper-

mia [44,45], (7) decreased lung function, (8) and decreased rate

of pregnancy [41]. The U.S. Environmental Protection Agency has

listed PAEs as an environmental priority pollutant [46], and it is

also called ‘the second global polychlorinated biphenyls pollutant’.

Phthalates are ubiquitous environmental pollutants due to their

widespread production, use and disposal, as well as their high con-

centration in plastics and their ability to migrate from plastics [47].

The environmental pollution caused by phthalate esters has at-

tracted global attention because of its wide range of application,

large contaminated area, large number of people affected, and is

more serious than that of metal and pesticide residues [48]. The

maximum allowable limit for DEP, DBP, DMP, DEHP, in drinking

water were set at 0.55, 0.45, 5.0 and 5.0mg/L [49], respectively.

Therefore, it is necessary to develop reliable and sensitive methods

for determination of these trace compounds in a complex matrix.

With advancement of techniques for trace analysis over the past

decade, the determination technologies of phthalate esters are also

gradually mature, with most commonly used methods for identi-

fication of phthalates and their metabolites being gas chromatog-

raphy (GC) [43], high performance liquid chromatography (HPLC)

[50], liquid chromatography and gas chromatography coupled with

mass spectrometry (GC–MS) [42,51-54] or solid phase extraction

[55,56], which have been considered as accurate, precise and ro-

bust methods. Nonetheless, these instrumental methodologies are

time-consuming and expensive, and due to similar structure of var-

ious PAE homologues, complex instrument separation and detec-

tion conditions need to be explored, which increases the difficulty

of analysis, and may also lead to experimental errors, hence re-

quires professional technicians. Other methods, such as enzyme-

linked immunosorbent assay (ELISA), have rarely been reported,

and there are problems such as sample matrix interference and

false positive easily. Therefore, the exploration of more simple, ef-

ficient, safe and cheap pretreatment methods or methods without

pretreatment will be one of the focuses for future research. Such

methods are electrochemical analytical method [57], optical anal-

ysis method [58,59] etc. Owing to their low-coat apparatus, high

detection sensitivity, simple operation, portability and other ad-

vantages, these methods have been exploited as powerful analyti-

cal tools widely applied in environmental monitoring [60,61], food

safety [62], drug analysis, clinical judgment and other fields [63–

65].

During the last decade, the technologies for trace determination

of phthalate esters have been rapidly developed. However, to the

best of our knowledge, the reviews focused on optical and electro-

chemical detection of phthalate esters have rarely been presented.

This paper therefore makes a summary and discussion on research

progress on optical and electrochemical sensors for the detection

of phthalate esters in recent years. This will contribute to a better

understanding of preparation methods for sensors and their detec-

tion mechanisms, including development trend on phthalates sens-

ing, and development of low cost, high accuracy and compatibil-

ity sensors for the trace detection of phthalates. The purpose is

not only to provide guidance for the detection of phthalate esters,

but also to provide reference for the development and progress of

bisphenol, pesticides and antibiotics monitoring and other related

research fields.

2. Sensors for determination of phthalate esters

As one of important means to obtain chemical or biological

information, sensors can accurately and quickly identify and an-

alyze specific targets, and convert them into available signals ac-

cording to certain laws through physical, chemical, biological and

other mechanisms, to achieve the purpose of detection [66–69].

With development of sensing technology and growing demand for

sensors, the development of new, fast, convenient, high-throughput

and real-time sensors has become one of the hot research fields

[70–72]. In recent years, significant progress has been made in the

development of electrochemical sensor and optical sensor detec-

tion of phthalates.

2.1. Electrochemical sensors for determination of PAEs

The electrochemical sensor is composed of a specific recogni-

tion element and a signal conversion unit. These specific identifica-

tion elements react with the measured substance to produce an in-

ductive signal, which is then converted by the inductive signal con-

version unit into an identifiable electrical signal (e.g., current, volt-

age, resistance) proportional to the concentration of the substance

being measured. [73–75]. The measured substance is used as the

sensitive source and the electrode as the conversion element. The

development and innovation of electrochemical sensors emphasize

on improving the quality of detection via improvement of selec-

tivity and sensitivity of sensors [76–79]. The low electron trans-

fer rate of the general working electrode is not enough to meet

the practical application, so modifying the electrode of the sen-

sor by utilizing different methods and materials individually or in

combination is one of the main measures to improve the selectiv-

ity and sensitivity of the sensor. The selection of appropriate elec-

trode modification materials is the guarantee that the electrochem-

ical sensor can achieve accurate and reliable measurement [80–82].

The usage of nanomaterials (NMs) in electrode modification can

improve the conductivity and electron transfer rate, while molecu-

larly imprinted polymers and aptamers have higher selectivity and

specificity to the substance to be detected [83–86]. In the follow-

ing sections, the application of electrochemical sensors modified

with nanomaterials, molecularly imprinted polymers and aptamers

in the detection of phthalate plasticizers will be presented.

2.1.1. Electrochemical sensors based on nanomaterials for PAEs

detection

The crucial element to obtain an electrochemical sensor with

excellent performance and reliable quality is the type of material

used for electrode modification. Nanomaterials have special prop-

erties different from macroscopic materials due to their small size

and large specific surface area [87–94]. Compared to electrodes

based on micro- or macro-materials, the usage of nanomaterials

sensors takes advantage of increased electrode surface area, mass-

transport rate, and fast electron transfer. Some response character-

istics for the electrochemical sensor, such as selectivity, sensitivity

are therefore improved by nanomaterials. Nanomaterials, especially

modified nanomaterials, are increasingly applied in the manufac-

ture of sensor materials [95,96]. With higher specific surface area,

lower electron transport resistance and excellent ability to absorb

chemical or biochemical substances, the modified nanosensors can

be used for the detection of trace composition in different sub-

strates, and even analytes that cannot easily be detected with con-

ventional sensors. Therefore, the modification of nanosensors is of

great value in the development and innovation of electrochemical

analysis technology [97].

Metal nanomaterials especially noble metals nanomaterials,

such as gold, silver, copper and platinum have excellent electrical

conductivity, corrosion resistance, large specific surface area and
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excellent catalytic performance [98,99], therefore, the modification

of metal nanomaterials on the electrode surface is expected to re-

duce the over-potential for the reaction and accelerate the reaction

rate for substance to be detected. Although most of these mate-

rials are expensive, their deposition on the surface of the sensor

to form nanoparticles can greatly save the research cost and im-

prove their utilization efficiency in EC sensors. Liu et al. [100] first

developed an electrochemical immunosensor for the detection of

dimethyl phthalate (DMP) utilizing platinum-lead (PtPb) hollow

nanoparticles as signal labels. Platinum nanoparticles have large

surface area, massive active sites, high catalytic performance, dra-

matic biocompatibility and excellent electrical conductivity. The in-

troduction of Pb changes the crystal structure and electronic struc-

ture of Pt, improving the catalytic performance, and saving con-

sumption of noble metals and reducing the cost. The electrochem-

ical immunosensor fabricated by PtPb nanoparticles exhibits large

linear response, low detection limit, distinct accuracy, high sensi-

tivity and acceptable stability, showing infinite application poten-

tial for simple and rapid detection of DMP in actual samples. Gold

nanoparticles, in particular, have high electron density and cat-

alytic effect, simple chemical synthesis, excellent electrical conduc-

tivity, dramatic biocompatibility, narrow size distribution and other

characteristics. Therefore, with development of nanoparticle de-

tection technology, gold nanoparticles are considered as the most

preferred electrode material used for sensing applications, which

can be used to amplify electrochemical signals via steric-hindrance

and electrostatic-repulsion. Zia et al. [101] used gold nanomaterials

to modify silicon substrate to prepare planar inter-digital (ID) ca-

pacitive sensor, and quantified the presence of phthalates in ionic

water and juice by EIS. Their results showed that the detection

technology could rapidly and significantly detect the presence of

DEHP in all test samples. However, unfortunately, if it is to be used

in industrial applications, the selectivity of the sensor remains a

challenge. Liang et al. [102] also developed a simple unlabeled

electrochemical impedance immune sensor for the detection of

dibutyl phthalate using the principle of signal induced amplifica-

tion of gold nanoparticles. Here, NADH (nicotinamide adenine din-

ucleotide) is used as a nanoparticle catalytic growth reagent to ob-

tain larger size of the AuNPs, thereby increasing the negative coat-

ing on the outer particles in the system. The corresponding elec-

trochemical resistance increases, thus demonstrating the effective-

ness of signal amplification. The prepared immunosensor exhibits

dramatic comprehensive performance and can be widely used in

the rapid and low-cost detection of DBP in a variety of samples. In

recent years two-dimension (2D) transition metal dichalcogenides

(TMDs) with the molecular formula of MX2 (where M=Mo, W

or Co and X= Se or S) have been also considered as a promising

nanomaterial due to their fantastic physical and electronic prop-

erties. Of these, CoSe2 can be considered the best because of its

inherent metallic properties, which facilitate charge transfer effi-

ciently. In reference [103], He et al. synthesized a CoSe2 nanosheet

material with fold and flake structure and large specific sur-

face area by simple hydrothermal method. Then, the corrugation

CoSe2 (w-CoSe2) was functionalized by polyethylene imine (PEI),

and AuNCs/PEI-w-CoSe2 nanocomposites were prepared by immo-

bilization of gold nanocubes (AuNC) on the PEI-w-CoSe2 surface

via Au-N bond. The introduction of AuNCs/PEI-w-CoSe2 nanocom-

posites improved the effective surface area and conductivity of

the electrode, shown as Fig. 1. The prepared electrochemical im-

munosensor possess good specificity and rapid response for the

detection of dipropyl phthalate (DPrP), and its detection limit is

up to 1.39×10−12 mol/L.

In recent years, carbon nanomaterials have become a research

hotspot in the construction and development of electrochemical

sensors. In addition to increasing the specific surface of the elec-

trode and accelerating the electron transfer rate on the electrode

Fig. 1. Schematic diagrams for (a) constructing AuNCs/PEI-w-CoSe2 and (b) elec-

trochemical immunosensor for DPrP detection. Reproduced with permission [103].

Copyright 2021, Springer.

surface, carbon nanomaterials can also interact with target sub-

stance to be detected through the functional groups carried by

themselves, so as to enrich the target material on the electrode

surface and improve the detection performance of the sensor [104].

And beyond that, the important role of carbon nanomaterials in

electrochemical sensing field is to serve as carrier materials to pro-

vide nucleation and growth sites for other nanomaterials with re-

markable catalytic properties to prevent their aggregation during

growth, thereby enhancing the catalytic performance of nanomate-

rials for the target substances to be detected [105]. Recently, some

electrochemical sensor modified with carbon nanomaterials have

been prepared for trace detection of PAEs. Due to unique chemi-

cal and electrical properties of carbon nanomaterials, the electro-

chemical sensors displayed enormous potential in improving se-

lectivity, response velocity, sensitivity to satisfy the ever-increasing

demand for trace detection of PAEs in various samples. Xiong et al.

[106] synthesized a β-cyclodextrin–graphene (β-CD-G) composite

using graphene and β-CD, and modified it on a glassy carbon elec-

trode (GCE) to construct an electrochemical impedance sensor for

the determination of DEHP. Based on the superb electron transfer

characteristics and large specific surface area of graphene and high

host-guest recognition ability of β-CD, the prepared sensor can

easily adsorb massive guest DEHP molecules via the β-CD hosts

cavities. The formed inclusion complexes (DEHP and β-CD cavity)

hinder the possibility of the redox probe to approach the surface

of GCE in K3Fe(CN)6 solution, an excellent linear relationship can

be formed between the concentration of DEHP in β-CD–G com-

posites and the impedance value. The electrochemical sensor rep-

resents excellent reproducibility, sensitivity and stability. The de-

tection results showed that the impedance value increased linearly

with DEHP concentration in the range of 2–18μmol/L, the LODs

was 0.12μmol/L (3σ method), with a correlation coefficient of

0.998. To further improve the sensitivity of the sensor, Xiong and

his research team [107] modified glassy carbon electrode with β-

cyclodextrin/graphene/1,10-diaminodecane (β-CD-G-DAD) compos-

ite based on β-CD principle again. The impedance value increased

linearly with increased DEHP concentration at the electrode mod-

ified by the composite material, in the range of 0.2mmol/L to

1.2 μmol/L, and LODs was 0.01 μmol/L, and sensitivity of the sen-

sor was further improved. Nonetheless, the drawback of the sen-

sor is that the analyte only needs to form the host guest complex

with β-CD. However, many phthalate ester molecules with simi-

lar structure can form the host guest complex with β-CD, which

is not conducive to increasing the selectivity of the sensor. Xiao et

al. combined the excellent electrochemical properties of ferrocene-

based dendritic macromolecules with a high electron transfer ef-

ficiency of GO, prepared a novel sensitive ferrocenyl-terminated
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Fig. 2. A schematic diagram illustrating the basic strategies of in situ preconcentra-

tion and detection of PAEs in Chinese liquor with electrochemical impedance spec-

troscopy. Reproduced with permission [110]. Copyright 2020, the authors.

dendrimer and GO modified sensor (Fc-AED/GO/GCE) for detection

of DEHP [108] and DMEP [103], respectively. Herein, graphene was

used as a sensitizer due to its high surface area, dramatic electri-

cal conductivity and feasibility for surface functionalization to en-

hance electrode surface area and amplify sensor signals. The com-

bination of excellent structure and electrochemical activity of Fc-

AED with excellent electron transfer of GO may remarkably boost

the electron transfer between the target analyte and sensor, which

is bound to help improve the sensitivity of ferrocenyl-terminated

dendrimer sensors. These results showed that the modified elec-

trode has wide linear response range, high sensitivity, outstand-

ing selectivity and acceptable reliability to the target analyte. In

contrast, the wider linear response range is more suitable for ef-

fective and timely detection of DEHP and DMEP in various con-

sumer products. Unfortunately, the two reports did not compare

the sensor’s selectivity to DEHP and DMEP [108,109]. The unique

structure endows graphene-based materials with large surface area

and potential to establish π-π stacking interactions, owing to the

delocalized electrons of graphene, which makes it an excellent

adsorbent. Jiang et al. [110] prepared a graphene working elec-

trode based on π-π stacking interaction between graphene and

PAEs, which realized direct sampling and in-situ preconcentration

of PAEs. Electrochemical impedance spectroscopy (EIS) was used

to characterize the adsorption of PAEs on the working electrode.

Fig. 2 summarizes the basic principle for phthalate sensor based

on electrochemical impedance measurement utilizing graphene-

modified working electrode. The purpose of this study was to es-

tablish an enrichment-free method for determination of phthalate

esters in liquor via electrochemical impedance spectroscopy. By

contrast, this is a simple, convenient, high sensitivity, very low

LODs, with lower cost phthalate detection technology. However,

this method lacks specificity and is not suitable for the detection

of specific phthalates, and it is only suitable for the detection of to-

tal phthalates in liquor samples. Annamalai et al. first prepared an

enzyme-based electrochemical biosensor using polyaniline, carbon

nanotubes, copper nanoparticles for the detection of phthalates.

The results from linear sweep voltammetric analysis indicated that

the peak current gradually increased with increased DEHP con-

centration, and the LODs of DEHP was 0.06nmol/L [111]. Herein,

the nanocomposite materials played a role of improving electron

transfer and adsorption surface area. Carbon nanotubes and copper

nanoparticles maintain enzyme activity by providing a biocompat-

ibility environment, thereby enhancing the sensitivity and catalytic

electroactive surface area of the sensor. Li et al. [112] synthesized

polyethylenimine (PEI)-functionalized N-doped graphene-CoSe2
and gold nanowires (AuNWs) as a preliminary signal amplifica-

tion platform for immune sensors. Thionine (Thi)-loaded Au@Pt

and secondary antibody (Ab2) connected as a signal label. The im-

mobilized coating antigen DBP-BSA and the DBP compete for lim-

ited antibody binding sites. The concentration of DBP can be de-

termined by DPV and SWV mode with detection limits of 0.486

pg/mL (DPV) and 0.711 pg/mL (SWV), respectively. The sensor pre-

pared by the composite material exhibited excellent selectivity, re-

producibility and stability, and can be used for sensitive detection

of DBP in actual samples.

In general, the application of nanomaterials presents a tremen-

dous potential for amplification of electrochemical signals. Up to

now, the NMs used to detect PAEs comprising metal nanomateri-

als, nano-metal oxides, other carbon nanomaterials from NMs, are

currently used for EC detection of PAEs, as shown in Table 1.

2.1.2. Electrochemical sensors based on MIP for PAEs detection

From the above, we know that the EC sensors can be ap-

plied to detect trace PAEs in complex substrates, nevertheless,

there still exist some defects, such as non-specific binding, lower

mass transmission, poor regeneration and limited response for

EC sensor application. Therefore, highly selective sensing materi-

als have been developed to overcome these problems. Molecularly

imprinted polymers (MIP) are one of the ideal sensing materials

[113,114]. The molecular imprinting technology has been estab-

lished as an effective strategy for selective recognition of relevant

analyte molecules in the presence of other potential interferences

[115–118]. The principle is that the template molecule and func-

tional monomer are synthesized into host-guest complex, and then

quantitative functional monomer and cross-linking agent are added

to polymerize the polymer. The template molecules are thereafter

embedded in a polymer of functional monomer [119]. After the

template molecules are extracted and eluted, imprinted cavities are

left in the polymer. MIP can selectively recognize and bind specific

analytes through noncovalent strength interactions between the

host matrix and guest molecule [120–123], based on shape, size,

and functionalities of the imprinted cavities specifically comple-

mentary to the template molecules. The imprinted polymers have

the characteristics such as high selectivity, physiochemical stabil-

ity, robustness, longer shelf life, reusability and specific recogni-

tion of analyte and structurally related compounds [124,125]. By

organically combining molecularly imprinted technology with sen-

sor detection technology, we can take full advantage of the high

selectivity of MIP and high sensitivity of sensor detection signal

to prepare molecularly imprinted sensors with anti-interference,

high selection and high sensitivity [126,127]. In 1987, Tabushii et

al. [128] prepared an electrochemical sensor using molecularly im-

printed polymer as a sensitive material for the first time and suc-

cessfully detected vitamins. Ever since, the molecularly imprinted

electrochemical sensor has aroused wide interest and become a re-

search hotspot [125,129-130].

Zia et al. [124] synthesized a selective MIP for DEHP by sus-

pension polymerization, and it was applied to a novel interdig-

ital capacitive sensor for real-time non-invasive detection of ph-

thalates in water-mixed samples using electrochemical impedance

spectroscopy (EIS). Frequency response analyzer (FRA) algorithm

was applied to achieve impedance spectra, thus determining sam-

ple conductance and capacitance for evaluation of phthalate con-

centration in the sample solution. The influence of surface im-

mobilized molecular imprinted polymer layer on circuit param-

eters and its electrical response was deduced by principal com-

ponent analysis (PCA). The results obtained by the test system

were verified by high performance liquid chromatography-diode

array detector. Zhao et al. [131] reported a novel EC sensor for

diisononyl phthalate (DINP) analysis. The electrode of the sensor

was modified by the mixture between DINP MIPs and agarose

in proportion. The MIPs were synthesized by bulk polymerization

via non-covalent multiple interactions. Cyclic voltammetry (CV)

was used to establish an analytical method for DINP by molec-
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ularly imprinted sensors. The experimental results showed that

the prepared imprinted membrane had high selectivity and dis-

tinct sensitivity for DINP, with linear range of 50–1000nmol/L

and detection limit (LODs) of 27nmol/L. The novel sensor pro-

vides brand-new possibilities for real-time detection without pre-

treatment of sample. The recovery rate for real sample analysis

in liquor samples was 105.3%−115.7%, and the relative standard

deviation (RSD) was 0.4%−1.2%. Molecularly imprinted polymers

(MIPs) were combined with magnetic nanomaterials to prepare

magnetic molecularly imprinted nano-sensitive films. To a certain

extent, this method can not only overcome the defects of molec-

ularly imprinted polymers, such as uneven distribution of molecu-

larly imprinted sites, low binding amount, partial mosaic of bind-

ing sites, but also significantly improve the sensitivity and se-

lectivity of sensors. Zhang et al. [132] developed a highly sensi-

tive and selective MIP sensor combined with magnetic molecu-

larly imprinted solid phase extraction (MMI-SPE) for the determi-

nation of DBP in complex matrixes. Under the optimized experi-

mental conditions, the response currents of the MIP-sensor exhib-

ited a linear relationship towards DBP concentrations ranging from

1.0×10−8 g/L to 1.0×10−3 g/L. The limit of detection of the MMIP-

sensor coupled with the MMISPE was calculated as 0.052ng/L. Us-

ing gold-modified magnetic graphene (Au@Fe3O4@RGO) as a car-

rier, Li et al. [133] prepared gold-modified magnetic graphene-

based molecularly imprinted composites (Au@Fe3O4@RGO-MIP) by

surface molecular imprinting technology. A molecularly imprinted

electrochemical sensor was constructed using Au@Fe3O4@RGO-MIP

modified glassy carbon electrode. The sensor displayed good re-

sponsiveness and selectivity to plasticizer DBP, which provided a

new method for DBP detection in water environment. The re-

sults show that the equilibrium time of the sensor for DBP in

water environment is 6min. In the concentration range of 0.01–

0.1 μmol/L, there is a good linear relationship between DBP con-

centration and response current. The minimum detection limit is

0.3049nmol/L (S/N=3). Electro polymerization is a simple and ef-

fective technique to construct molecularly imprinted polymer elec-

trochemical sensors. Gulcin Bolat et al. [49] synthesized molecu-

larly imprinted conductive compound polypyrrole (PPY) by electro-

chemical polymerization of pyrrole. Electrosynthetic PPY is one of

the most widely applicable polymers in the development of im-

printed films, and it has sensitive electrochemical impedance sens-

ing performance, and can also be applied for trace detection of

DBP. The team characterized the DBP imprinted polypyrrole sensor

via cyclic voltammetry, and their results showed that the sensor

was distinctly sensitive. The detection limit obtained by electro-

chemical impedance spectroscopy (EIS) was as low as 4.5 nmol/L,

and the linear response was in the concentration range of 0.01–1.0

μmol/L. Zhou et al. [134] developed a highly selective and highly

sensitive dibutyl phthalate electrochemical sensor (MIP-DBP-CTS/F-

CC3/GCE) by electrodeposition of DBP-CTS polymer on F-CC3 (a

functional corncob biochar)-modified GCE. The detection results

of cyclic voltammetry (CV) and electrochemical impedance spec-

troscopy (EIS) show that the F-CC3 layer and the DBP-CTS molecu-

larly imprinted polymers of the MIP-DBP-CTS/F-CC3/GCE have syn-

ergistic fast electron transfer capability, and large electrochemical

area, which can help to amplify the electrochemical signal and

thus enhance the sensitivity of the sensor, as shown in Fig. 3.

Although molecular imprinting technology (MIT) has signifi-

cant advantages and diverse applications, it faces a number of

challenges, such as imprinting sites are inside the polymer, tem-

plate molecules are not easy to elute, which will lead to incom-

plete template removal, fewer binding sites and slow mass trans-

fer, etc. [126,135]. In addition, the MIPs are usually synthesized

using target analytes as templates. Therefore, there is a possibil-

ity of template leakage, which may influence the consequence of

quantitative analysis [136]. This also restricts the applications of
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Fig. 3. (a) Cyclic voltammetric responses of different electrodes at the range of

−0.2–0.6V at 100mV/s in 5mmol/L K3[Fe(CN)6]. (b) CVs of different electrodes

in 0.01mol/L PBS (pH 7.0) containing 5mmol/L K3[Fe(CN)6] after adsorption in

1.8 μmol/L DBP for 120 s. (c) The electrochemical impedance spectrum (EIS) was

recorded in 5mmol/L K3[Fe(CN)6]. (d) Equivalent circuit models of electrochemical

impedance spectra (R1: a constant solution resistance, R2: charge transfer resistance

(Rct), W: Warburg impedance, CPE: characterization of electrical double-layer capac-

itor constant phase element). Reproduced with permission [134]. Copyright 2021,

Elsevier.

Fig. 4. Illustrations of fabrication procedure for MGO@AuNPs-MIPs. Reproduced

with permission [140]. Copyright 2014, Elsevier.

MIT in various aspects. Therefore, on this basis, surface molec-

ular imprinting technology (SMIT) was gradually developed. Sur-

face molecular imprinting refers to the technique for imprinting

the surface of the solid phase matrix by polymerization reaction,

so that the molecularly imprinted recognition sites are distributed

on the surface of the molecular imprinted polymer or on the

outer layer of the solid phase matrix and on surface [137,138].

This molecularly imprinted material has significant benefits dif-

ferent from other methods, for instance, the binding site is eas-

ily obtained, the material migration and binding kinetics are ac-

celerated, the separation efficiency of imprinted materials is im-

proved, and biological macromolecules such as proteins can be im-

printed [139]. In addition, it can also decrease non-specific ad-

sorption and "embedding" phenomenon. Li et al. [140] success-

fully synthesized a molecularly imprinted membrane that selec-

tively recognized DBP on MGO@AuNPs composite substrate (Fig. 4).

Due to the unique mechanical properties and large surface area

of MGO (magnetic graphene oxide) nanoparticles, more binding

sites are provided for template recognition, and the majority of

the binding sites widely distributed on or approach to the sur-

face of the externally imprinted polymer layer. The prepared MGO

nanoparticles/molecularly imprinted polymer composites therefore

own prominent selectivity compared with other analogs and re-

markable sensitivity to template molecules. The electrode modified

by MGO@AuNPs-MIPs can recognize DBP specifically. Under opti-

mal experimental conditions, the linear concentration range of DBP

selectively detected is 2.5×10−9 ∼ 5.0×10−6 mol/L, and the new

DBP electrochemical sensor also shows excellent repeatability. Li

and Zhong et al. [120] described a molecularly imprinted polymer

photoelectrochemical sensor based on bismuth sulfide (Bi2S3) for

determination of DOP. MIP membranes that can specifically recog-

nize DOP molecules were electropolymerized onto Bi2S3/ITO sur-

faces via cyclic voltammetry. With Bi2S3 as photoelectric converter

for the sensor, visible light as the excitation source, and gener-

ated photocurrent as the detection signal, the relationship between

photocurrent and concentration of the analyte was quantitatively

detected. Under optimum experimental conditions, the photoelec-

trochemical response is proportional to logarithm of DOP concen-

tration in the range of 0.5–70pmol/L, with a detection limit of

0.1 pmol/L. Compared with previous methods, the sensitivity of this

method has achieved significant improvement. This method has

superiorities of short detection time and low preparation cost, and

provides a new effective method for DOP detection. Unfortunately,

due to logarithmic response to concentration of analyte, it still has

the limitation of low system resolution. Latest research also depicts

that molecular imprinting technique has rigorously been used for

the electrochemical detection of trace phthalate analytes in com-

plex matrix, as shown in Table 2.

Photoelectrochemical (PEC) sensor is an emerging technology as

the advantage of fast response, high sensitivity and uncomplicated

operation [141]. The simple and novel PEC sensors have been de-

veloped for the detection of various chemicals. Based on MIP mod-

ified Cu3(BTC)2@Cu2O heterostructure, Gao et al. [142] designed a

novel dioctyl phthalate (DOP) PEC sensor, which was constructed

by imprinting DOP on the heterostructure using Cu3(BTC)2@Cu2O

heterostructure as the photoelectric converter. The PEC sensor for

detection DOP showed a low detection limit of 9.15pmol/L.

2.1.3. Electrochemical sensors based on aptamers for PAEs detection

Electrochemical aptasensors consist of electrodes and electro-

chemically active recognition molecules. After the aptamer fixed on

the electrode surface is combined with the target, the target con-

centration is detected by collecting the variation of electrochem-

ical signals, such as voltage, current, conductivity and impedance

[143–145]. Nucleic acid aptamer is a new type of biological recog-

nition element [146–149]. It was applied in electrochemical sen-

sors for the first time since 2004 [150]. Due to its advantages such

as strong specificity, good stability, in vitro synthesis and small

molecular weight, it has rapidly attracted the attention of many

scholars [151–154]. Electrochemical sensors based on nucleic acid

aptamers have greatly promoted the development of electrochem-

ical sensing technology due to their fast detection speed, simple

and easy operation of the equipment, wide detection range, noble

specificity and significant sensitivity, and have been widely used

in environmental monitoring [155], food safety [156], medical de-

tection [157] and clinical diagnosis [158] and other fields. How-

ever, electrochemical aptamer sensors for highly hydrophobic small

molecular targets (such as phthalates) are rarely reported. Com-

pared with proteins and other macromolecules, PAEs molecules

are small, and they have extremely poor water solubility and lack

functional groups for surface immobilization. The screening of PAEs

aptamers is therefore challenging. Han et al. [159] successfully

screened group-specific phthalate aptamers in vitro through rea-

sonably designed target fixation strategies. And for the first time,

they achieved the identification of group-specific PAE-binding DNA
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Table 2

MIP used for electrochemical detection of phthalate esters.

PAEs Detection

method

MIP film composition Linear range Detection limit

(LODs)

Samples Recovery (%) Ref.

DEHP EIS N,N-Methylene-

bisacrylamide,

dimethlyformamide,

tetramethylethylenedi-

amine (TEMED),

ammonium persulfate

64-130 nmol/L -a Artificial saliva ≥90 [130]

DEHP EIS Meth acrylamide,

N,N-methylene-

bisacrylamide,

ammonium persulfate

2.56–256 μmol/L -a Water -c [124]

DINP CV α-Methyl acrylic acid,

ethylene glycol

dimethacrylate,

acetonitrile,

azodiisobutyronitrile

50–1000 nmol/L 27 nmol/L Distilled liquor 105.3–115.7 [131]

DBP CV/DPV Methacrylic acid,

ethyleneglycol

dimethacrylate,

azodiisobutyronitrile

36 pmol/L-

3.6 μmol/L

18.6 pmol/L Soybean milk,

milk

96.10–100.6 [132]

DBP CV/DPV/EIS Methacrylic acid,

azodiisobutyronitrile,

divinyl benzene

0.01–0.1 μmol/L 0.3049 nmol/L Water -c [133]

DBP EIS Polypyrrole 0.01–1.0 μmol/L 4.5 nmol/L –b -c [49]

DBP CV/DPV/EIS Chitosan,

glutaraldehyde

0–1.8 μmol/L 0.0026 μmol/L Rice wine 90–92 [134]

DBP DPV Methacrylic acid,

ethylene glycol

dimethacrylate

2.5 nmol/L-

5.0 μmol/L

0.8 nmol/L A brand wine

drinks

97–104 [139]

DOP DPV/EIS o-Phenylenediamine

(o-PD)

0.5–70 pmol/L 0.1 pmol/L Plastic bottled

water,

wastewater,

and soil

extracts

96.17 and

104.2

[120]

aNo detection limit.
bNo samples.
cNo recovery.

aptamers via integration of proper design of initial targets with

high-throughput sequencing technology. The PAE-aptamers possess

the highly conserved cytosine-rich sequences and show good group

selectivity to PAEs that contain both the ester and the benzoyl

groups. The constructed PAEs aptamer sensor can detect DEHP at a

detection limit of 10pmol/L (3S/N) and dynamic range of 10pmol/L

to 100nmol/L. A linear relationship can be observed between sig-

nal reduction and logarithm of DEHP concentration. Subsequently,

Han and their team immobilized synthesized amino functionalized

dibutyl phthalate (DBP-NH2) as an anchor target on the epoxy-

activated agarose beads according to a bead-based method, so that

the phthalate groups were displayed on the surface of the immo-

bilization matrix, aiming at selecting group-specific aptamers for

phthalates (Fig. 5). Based on the obtained aptamer, a highly sensi-

tive electrochemical sensor for specific detection of DEHP was fab-

ricated [160]. Lu et al. [161] selected aptamers specific for DEHP

from an immobilized ssDNA library applying the systematic evolu-

tion of ligands by exponential enrichment (SELEX) and established

an EIS aptasensor for direct detecting DEHP residue in water sam-

ples with a LODs of 0.103 pg/mL.

Combination of the recognition aptamer and PEC techniques,

Shen et al. [162] designed a label-free PEC aptasensor based

on perovskite for detection of dibutyl phthalate (DBP). Herein,

cetyltrimethylammonium bromide (CTAB) was chosen to improve

the stability and performance of CH3NH3PbI3 perovskite, which

has a strong electrostatic interaction with the aptamer and pro-

mote the assembly of the aptamer on the CH3NH3PbI3 surface.

The aptamer impedes the transfer of the photogenerated electrons

from perovskite to the electron acceptor in solution due to the

block effect. When DBP is present in solution, the binding affin-

ity between DBP and the aptamer competes with electrostatic in-

Fig. 5. PAE SD-EAB for ultrasensitive and ultraselective detection of DEHP: mecha-

nism (a), SWV curves (b), calibration curve (c), and selectivity tests (d). Reproduced

with permission [159]. Copyright 2017, American Chemical Society.

teraction between aptamer and CTAB, resulting in dissociation of

the aptamer from the electrode and the recovery of the photocur-

rent. The displacement of the aptamer from the perovskite surface

enhances the photoelectric signal of perovskite. The linear range
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Fig. 6. (a) Photocurrent responses of the PEC aptasensor incubated with different

concentrations of DBP (from a to j: 0.1 pmol/L-10.0 nmol/L). (b) Calibration curve of

photocurrent response changes of the PEC aptasensor (�I) to different concentra-

tions of DBP. (c) Selectivity of the PEC aptasensor incubated with 1.0 nmol/L differ-

ent PAEs and 10.0 nmol/L different interferences. (d) Stability of the PEC aptasensor

under continuous detection. Error bars were derived from the standard deviations

of three measurements. Reproduced with permission [162]. Copyright 2022, Ameri-

can Chemical Society.

of the PEC sensor for detection DBP was from 1.0×10−13 mol/L

to 1.0×10−8 mol/L with the detection and quantification limits

2.5×10−14 and 8.2×10−14 mol/L (S/N=3), respectively, shown as

Fig. 6.

2.2. Optical sensors for determination of phthalate esters

Compared with electrochemical sensors, optical sensors have

less interference with the detection system, which is commonly

used to detect target substances. The optical sensor is a detec-

tor that measures the optical properties of materials and con-

verts their optical signals into other signals (such as the con-

version of optical signals to electrical signals). The optical sen-

sors can produce changes in optical signals in the combination

process, so as to detect the content of target analyte according

to changes of optical signals [163]. According to different optical

signals, the optical technology can be divided into the following

types: Fourier-transform infrared spectroscopy (FTIR), UV–visible

spectrum [164], fluorescence [165–168], Raman scattering, chemi-

luminescence [169] and so on [170,171]. And among them, FTIR can

detect PAEs rapidly, but has low sensitivity and cannot detect low

concentrations. Moreover, their detection limits are usually consid-

erably higher than the regulatory criteria [172]. Here, progress of

the optical sensors for the detection of phthalates are introduced

ultraviolet-visible spectroscopy sensors, fluorescence spectroscopy

sensors, surface enhanced Raman scattering sensors and chemilu-

minescence sensors.

2.2.1. Ultra violet-visible spectroscopy sensors for determination of

phthalate esters

Compared with other sensors, colorimetric sensor is based on

analysis of color change, which directly or indirectly realizes the

qualitative and quantitative detection of the target object causing

color change through naked eye observation or spectrophotome-

ter. It has the characteristics such as visible, readable, easy to op-

erate, low cost, fast detection speed, real-time, on-site analysis,

no need for any expensive, precise or complex instrument. It has

been widely applied to environmental pollution monitoring [173],

drug residues analysis [174], disease diagnosis [175], food safety

monitoring [176], and biochemical analysis [177]. The introduc-

tion of nanomaterials, metal-organic framework materials (MOFs)

[178] and aptamers [179,180] has promoted the rapid development

of colorimetric sensors, which has become one of important ana-

lytical methods for rapid and simple determination of various tar-

gets. Based on characteristics of Au NPs that can adsorb single-

chain nucleic acid aptamers, and they are easy to aggregate and

discolor, Guo and his research team [181] constructed a colorimet-

ric sensor based on Au NPs, which quickly and simply realized the

detection of DEP, DBP and DEHP. Since the aptamer has extreme

flexibility and can be strongly linked to AuNPs through covalent

bonds between AuNPs and thiol groups on DNA to form DNA-

modified AuNPs, an anti-aggregate and the color of the sample is

red at that very moment. With addition of phthalates in the test

sample, specific recognition between aptamer and PAEs occurs and

the color changes from red to blue with increased concentration of

PAEs. The results showed that DNA modified AuNPs had good sen-

sitivity and selectivity for the detection of phthalates. The detec-

tion limits for DEHP, DBP and DEP were 0.144ppm, 0.077ppm, and

0.026ppm, respectively. Yan et al. [182] used l-arginine function-

alized gold nanoparticles (ARG-AuNPs) as sensing probes for DBP

detection to prepare a colorimetric sensor with high selectivity and

sensitivity. The presence of carboxyl, amino and guanidine groups

in l-arginine leads to a high affinity between ARG-AuNPs and DBP,

which contributes to the aggregation of ARG-AuNPs and the so-

lution color changes from red to blue. The color change of solu-

tion can be used to semi-quantify DBP content. In addition, this

method has good selectivity and does not need sample prepara-

tion technology and complicated operation to detect DBP in liquor

rapidly and semi-quantitatively. MOFs materials are often used for

the analysis of targets due to their excellent properties, such as

large surface area, ordered pore structure, multiple coordination

positions and high loading capacity [183]. Zhu et al. [184] pre-

pared a sensitive colorimetric immunosensor for rapid detection

of trace DBP using Cu-MOFs and horseradish peroxidase (HRP).

Cu-MOFs were labeled on the second antibody (Cu-MOFs@Ab2)

for signal amplification. When MOFs@Ab2 is captured by antigen-

antibody (Ab1) complexes, large amounts of copper(II) will be re-

leased from Cu-MOFs in the presence of nitric acid (HNO3). The

addition of sodium ascorbate (SA) further reduced copper(II) to

copper(I) and inhibited the HRP to catalyze the colorless 3,3′,5,5′-
tetramethylbenzidine (TMB) into blue oxidized TMB (ox TMB). The

detection limit for the sensor is nearly 60 times lower than that

of conventional ELISA with the same antibody. Recently, key char-

acteristics of localized surface plasma resonance (LSPR) of noble

metal NP sensors based on colorimetric approach, the induction of

target analyte will lead to aggregation or dispersion of chemically

functionalized nanoparticles and reversible color change of the so-

lution [185]. Moreover, Cu2+ can form hybrid metal–phthalate scaf-

folds with phthalate and their derivatives. Based on these prin-

ciple, Zhang et al. [186] constructed a colorimetric sensor utiliz-

ing uridine-5′-triphosphate (UTP)-modified gold nanoparticles (U-

AuNPs) as color indicator and Cu2+ as across-linker. The aggre-

gation of U-AuNPs was induced by phthalates in the presence of

Cu2+, with the color changing of U-AuNPs from red to purple. The

sensor demonstrated superior sensitivity at a detection limit of ph-

thalates of 0.5 ppm. Furthermore, based on the characteristics of

M-13 phage layer, such as fast response to external stimuli and re-

liable discoloration behavior, Seol et al. [187] also investigated M-

13 phage color sensor with the potential to analyze four phtha-

late esters (bis-(2-ethylhexyl)-phthalate (BEHP), dibutyl phthalate

(DBP), diethyl phthalate (DEP) and benzyl butyl phthalate (BBP)

with similar molecular structure. Kang et al. [188] prepared molec-

ular surface imprinted graft copolymer MIPs@MOF-5 by free radi-

cal polymerization. The imprinted site was fixed on the surface of

MOF through the surface molecular imprinting process, thus im-

proving the adsorption capacity, recognition ability and separation

efficiency of dibutyl phthalate. The molecularly imprinted polymer

8
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MIPs@MOF-5 has high sensitivity and selectivity by combining the

advantages of molecularly imprinted polymer and metal-organic

framework, which was analysized sensitively and selectively the

dibutyl phthalate of tap water sample.

2.2.2. Fluorescence sensors for determination of phthalate esters

As an emerging means of analysis and testing, fluorescent sen-

sors have attracted wide attention of researchers due to their, con-

venience, prominent selectivity, real-time online detection, short

response time, remarkable sensitivity and accuracy [189,190]. In

recent years, great progress has been achieved in the research and

application of fluorescent sensors [191,192]. In particular, the fluo-

rescence analysis technology of rare earth luminescent complexes

and luminescent quantum dots can eliminate the interference

of various scattering light generated by short-life instruments

and background fluorescence from samples and reagents on the

detection, which greatly improves the accuracy of fluorescence

chemical determination [193]. Wei et al. [194] prepared lu-

minescence sensors based on lanthanide organic frameworks,

[Ln(tftpa)1.5(2,2
′-bpy)(H2O)] (Ln=Gd 1, Eu 2 and Tb 3,

H2tftpa= tetrafluoro terephthalic acid), for the detection of dibutyl

phthalate in simulated seawater with detection limit of 2.07 ppb.

As fluorescent probes, Ln-MOFs can be reused multiple times in

addition to simple, fast response time and high sensitivity, which

provides an opportunity for the exploration of reversible and re-

cyclable luminescent sensors. In particular, luminescent quantum

dots (QDs) have attracted much attention due to their outstanding

optical properties, such as high fluorescence efficiency, narrow

symmetric emission, wide absorption and light stability [195]. Li et

al. [196] prepared molecularly imprinted polymers with Mn-doped

ZnS quantum dots (ZnS:Mn QDs) using it as a direct, rapid, simple

and selective detection system for selective recognition of DBP

in real samples. The combination of a surface-imprinted polymer

and fluorescence property of QDs can improve selectivity and

sensibility of fluorescence sensors. The sensor can detect DBP in

the concentration range of 5.0–50μmol/L with a detection limit

of 0.27 μmol/L. Based on CdTe quantum dots and imidazoline

molecular sieve framework-67, Chen et al. [197] developed a novel

near infrared fluorescence molecularly imprinted sensor by sol-gel

polymerization, which was used for rapid and sensitive determi-

nation of DBP in food (only 1.5min). The fluorescence imprinted

sensor provides a rapid detection method for DBP with a linear

response concentration range of 0.05–18.0 μmol/L and a detection

limit of 1.6 nmol/L. Compared with traditional CdTe QDs, ZnS

QDs and ZnSe QDs are more attractive because they exhibit less

toxicity and environmental problems. In their subsequent research,

their team also synthesized ZnS:Mn QDs and magnetic Fe3O4

molecularly imprinted polymers for DBP detection. The polymers

combined the merits of specific molecular recognition properties

of MIPs, magnetic separation, and fluorescence characteristics

of Mn–ZnS. The detection limit of the prepared fluorescence

sensor was further reduced than that mentioned above, reaching

0.08 μmol/L [198]. In order to overcome the possible shortcomings

of molecularly imprinted polymers, such as incomplete removal

of template molecules, slow mass transfer rate, weak embedding

depth and binding force, Wang et al. [199] used a novel and sim-

ple imprinting technique, which is surface molecular imprinting

technique, using it for polymer layer synthesis on the surface of

supporting nanomaterial. They synthesized a surface molecularly

imprinted polymer fluorescent sensor for the detection of DEHP

based on ZnO QDs with a LODs of 1.3 nmol/L. Based on Mn-doped

ZnS quantum dots, Zhou et al. [200] fixed the imprinting site on

the surface of silica nanoparticles through the surface molecular

imprinting process, and prepared a new type of fluorescent molec-

ularly imprinted polymer (SiO2@QDs@MIPS), which integrated the

advantages of excellent fluorescence performance of quantum dots

and high selectivity of surface molecularly imprinted polymers.

And the products can recognize sensitively and selectively dibutyl

phthalate (DBP) in the range of 5–50μmol/L, with a correlation

coefficient of 0.9974. The combination of the aptamer and quan-

tum dots further improved the sensitivity, intuition and specificity

of the sensor. Wang et al. [201] reported for the first time a

sensitive and specific fluorescent ratio immunosensor method for

detection of dibutyl phthalate by combining dual-emission carbon

quantum dots (CDs) with nucleic acid aptamers. Compared with

single-wavelength emission method, this method can effectively

overcome the instability caused by probe concentration change,

instrument background interference and external interference, and

the accuracy of the results was higher, which can be used for high

sensitivity detection of DBP in food samples. Under the optimum

conditions, the linearity range for the DBP detection method was

12.5–1500μg/L and detection limit was 5.0 μg/L. Wang and their

team [202] proposed a dual emission ratio fluorescence sensor

system based on aptamer recognition of molybdenum disulfide

quantum dots (MoS2 QDs) and cadmium telluride quantum dots

(CdTe QDs) to detect DEHP in pork. Amidation between aptamers

and CdTe QDs were close to the distance between CdTe QDs and

DEHP, resulting in fluorescence quenching of CdTe QDs. MoS2 QDs

transmit self-calibration signal, its fluorescence remains almost

constant when co-existing with DEHP. The LODs for the prepared

dual emission ratio fluorescence sensor was 0.21 μg/L, which

was successfully applied in the determination of DEHP in pork.

Lim et al. [203] developed a QD-aptasensor for the detection of

DEHP and its accompanying portable analyzer. The QD-aptasensor

showed excellent DEHP selectivity and sensitivity with a limit

of quantitation (LOQ)=0.5 pg/mL. The equivalence between the

developed portable analyzer based on QD APtasensor and the

laboratory protocol was also established. The DEHP concentra-

tion ranges from 0.0005ng/mL to 100ng/mL, and the correlation

coefficient r=0.86. In addition, Dolai et al. [204] reported the

fluorescence selective detection of dibutyl phthalate (DBP) based

on the poly-cyclodextrin-graphene oxide (GO) nanocomposite. The

molecular imprint inside the nanocomposite can selectively cap-

ture DBP, and GO offers fluorescent “turn on” DBP detection. The

nanocomposite-modified paper strip showed a linear calibration

range of 0.025–1mmol/L in the DBP concentration with a LOD of

0.024mmol/L.

The restriction of dynamic intramolecular motions in the solid

state decreases the nonradiative process and thereby increases the

emission efficiency. Based on the phenoment, Qiu et al. [205] fab-

ricate porous crystalline ribbons that enable noncovalent binding

of phthalate molecules from a trifluorene molecule end-substituted

by nitrophenyl groups. Phthalate molecules can suppress the ro-

tation of nitrophenyl groups in the caves of ribbons via nonco-

valent interactions, thereby enhanced emission. On the basis of

this novel response mechanism, fluorescence detection of phtha-

lates with high sensitivity (the limit of detection DEHP is 0.03

ppb) (Fig. 7). In addition, supramolecular host enble to bind hy-

drophobic small molecules fluorophore in its interior. Based on the

phenomenon, Cromwell et al. [206] report a new method using

cyclodextrin-promoted fluorescence detection. In the presence of

the phthalate analytes, the fluorescence emission signal of a fluo-

rophore 17 bound in a cyclodextrin cavity leads to highly analyte-

specific changes. The large cavity of cyclodextrin facilitates associ-

ation between the phthalate analytes and the fluorophore, further

restricting the free rotation of the fluorophore and increasing the

observed fluorescence emission. Using this method, 15 phthalate

esters were detected with highly analyte-specific responses.

2.2.3. SERS sensors for determination of phthalate esters

SERS (surface enhanced Raman scattering) technology is a new

spectroscopic technology which adsorbs the target on the sur-
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Fig. 7. (a-f) Time-course curves of fluorescence responses of flower-like 1 mi-

crosheets upon exposure to phthalate vapors at different concentrations. (g) Colum-

nar comparison of fluorescence responses of flower-like 1 microsheets upon expo-

sure to DEHP and other different interfering agents at various concentrations. �I/I0
represents the change of fluorescence intensity. Error bars represent the standard

deviation of five measurements. Reproduced with permission [205]. Copyright 2019,

American Chemical Society.

face of nanomaterial and enhances the signal during Raman spec-

troscopy test, even up to 15 orders of magnitude. Owing to their

characteristics, such as simple processing process, convenient and

quick detection, less damage to samples, and providing molecu-

lar fingerprint, SERS is extremely suitable for rapid detection on

site. Over the years, it has been widely used in the analysis and

identification of trace substances, covering forensic identification,

food safety, biomedical science, trace drugs, environmental pol-

lution and other aspects [207,208]. The relationship between in-

tensity of Raman characteristic peaks and concentration of PAES

can be studied by the enhancement of Raman spectra of PAEs

with Raman-enhanced active substrate. Raman spectroscopy is an-

alyzed to establish a mathematical model, so as to achieve quan-

titative analysis of a variety of PAES, which will point out a new

direction for trace PAES detection. The magnitude of Raman sig-

nal enhancement is related to the shape, structure, surface char-

acteristics and aggregation state of nano-molecules for the ma-

terials with surface-enhanced Raman effect. The development of

new SERS enhanced substrate is therefore one of the core issues in

the SERS technology. The reported Raman-enhanced active materi-

als for PAES trace detection mainly include gold nanoparticles, sil-

ver nanoparticles, and some semiconductor–noble-metal nanocom-

posites. Wang et al. [209] prepared large-area dense nanomem-

branes by self-assembly at liquid-liquid interface with the syn-

thesized gold nanotriangles, and then transferred the nanomem-

branes to the surface of filter paper by capillary effect to make

SERS substrate membranes. The results showed that the concen-

tration of BBP in liquor could be detected as low as 1×10−8 mol/L.

This kind of SERS substrate membrane showed a fast detection

speed, high sensitivity, convenient operation, and a great poten-

tial for SERS analysis. Zuo et al. [210] used Ag nanoparticles (NPs)

decorated Si nanocone (SINC) array as an effective SERS substrate

for high sensitivity detection of PAEs, and this substrate has high

enhancement and excellent uniformity for the detection of trace

dimethyl phthalate (DMP) at a concentration of 10−7 mol/L. Wu et

al. [211] prepared uniform gold nanoparticles membrane by utiliz-

ing the solvent-driven self-assembly strategy, using it as an active

SERS substrate to realize the sensitive detection of DEHP in dif-

ferent wines and sweet drinks at 0.1 ppm level. However, a sin-

gle metal as the active substrate has certain limitations, since the

oxidation of Ag nanostructure leads to rapid degradation of SERS

activity, and the SERS signal provided by Au nanostructure is infe-

rior to that of Ag. Bimetallic composite system can play a syner-

gistic effect, which integrates the absorption bands from two met-

als, and has better Raman scattering enhancement effect. Cao et al.

[212] first synthesized two different microstructures, the Ag2S par-

ticles inlaid Au microflowers (Ag2S-Au MFs) and Au particles deco-

rated AgAuS microsheets (Au-AgAuS MSs) by one-pot solvothermal

method. These microstructures were used as SERS substrates for

the detection of DEHA and DEHP. The LODs for SERS with Ag2S-

Au MFs substrate for DEHP and DEHA in orange juice reached

0.9×10−9 and 0.9×10−7 mol/L, respectively. Hu et al. [213] pro-

duced plasmonic bimetallic Au@Ag core-shell nanocubes (com-

posed of a gold nanorod core and a silver cuboid shell) that can

produce a richer and wider plasmonic resonance pattern than the

gold nanocubes. The Au@Ag NCs-aggregated SERS platform pos-

sessed high sensitivity and repeatability, and the LODs of BBP and

DEHP both reached 10−9 mol/L, which can realize rapid and sen-

sitive label-free detection of phthalates in liquor samples. Wang et

al. [214] also fabricated bimetallic SERs substrates (plasmonic core–

shell Au nanospheres@Ag nanocubes (AuNS@AgNCs)) by liquid-

liquid self-assembly method for rapid and sensitive detection of

butyl benzyl phthalate in liquor samples. Their results showed that

the plasma core-shell AuNS@AgNCs often exhibit richer localized

surface plasmon resonance (LSPR) than AuNS.

However, the hydrophobicity of phthalates leads to its low

affinity with substrates, which is still a challenge for the sensitive

SERS detection of phthalates. To solve this problem, Xiang et al.

[215] synthesized core-shell Au@Ag nanoparticles (NPs) stabilized

inositol hexaphosphate (IP6) (denoted as Au@Ag@IP6), and then

the Au@Ag@IP6 NPs were functionalized with 1-dodecanethiol

(DT) to improve the loading of DEHP, to further improve the sen-

sitivity of DEHP detection in food, with LODs of 10−8 mol/L. Liu et

al. [216] used AuNP array self-assembly at liquid/liquid interface

to detect BBP in liquors. By this method, the analyte was located

in the nanogap of AuNP array, thereby increasing the affinity be-

tween BBP and substrate surface, and thereby the SERS sensitivity

was improved accordingly.

Due to sample enrichment function of magnetic substrate, its

combination with Raman enhancement substrate has also been

widely concerned in trace detection. Aarthi et al. [217] confirmed

that silver-modified Fe3O4 nanoparticles with magnetic separation

function can be used as SERS active substrate to detect PAEs in

landfill leachate near aquifers. Moreover, An et al. [218] synthesized

a super-paramagnetic behavior and high sensitivity Fe3O4@C@Ag

composite microspheres and used it as enhanced substrate for

SERS detection of DEHP. The magnetic enrichment of Fe3O4@C@Ag
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Fig. 8. Schematic lllustration of electro kinetic pre-separation and molecularly im-

printed trapping of charged PAEs on a portable interface for selective SERS recogni-

tion. Reproduced with permission [222]. Copyright 2020, American Chemical Soci-

ety.

microspheres can effectively increase the concentration of the an-

alyte to the region that can be sampled by the laser beam, thus

enhancing the signal received by the detector. The detector sig-

nal was thus enhanced to realize the rapid SERS detection of DEHP

with assistance from magnetic enrichment, and the detection limit

reached 10−12 mol/L. Zhou et al. [219] modified Ag@Fe3O4@Ag with

β-cyclodextrin, and the synthesized Ag@Fe3O4@Ag/β-cyclodextrin

nanoparticles were used as SERS active substrate to detect BBP in

liquor. After the hydrophobic BBP molecule was accurately cap-

tured by β-cyclodextrin in the substrate, the presence of Fe3O4 in

the substrate under the influence of external magnetic field made

the nanoparticles to rapidly gather (thus gathering BBP), which

made the detection limit for the BBP substrate low enough.

To improve the sensitivity and selectivity of SERS sensor, Tu et

al. [220] prepared a SERS aptasensor for rapid detection of trace

DEHP. Firstly, silica was used to coat the silver nanoparticle clusters

conjugated with Raman reporter molecules. As a protective shell,

silica could prevent the dissociation of RRM and inhibit additional

molecules from being adsorbed on the surface of metal nanos-

tructures, thus providing high-intensity and stable SERS signals.

Then, the SERS silica particles are functionalized by DEHP anal-

ogous molecules. High affinity SERS silica particles compete with

DEHP molecules in the presence of DEHP samples, to bind with

the aptamer on the magnetic particle. The concentration of DEHP

in the sample was quantitatively determined via measuring of sig-

nal from free SERS silica particles in the supernatant after mag-

netic separation. The developed DEHP aptamer sensor had a de-

tection limit of 8×10−12 mol/L and exhibited high selectivity and

sensitivity.

To perfect the non-specific binding and weak spectral recog-

nition defects of SERS detection, Yang et al. [221] prepared

AuNP/PDA-MIP nanocomposite (NPs) by molecular imprinting

technology. Thanks to the "hot spot" generated by AuNP and the

recognition site generated by MIP, the composite material could be

used as an excellent SERS substrate to achieve selective enrichment

and recognition of dimethyl phthalate (DMP). The detection limit is

as low as 1.0×10−10 mol/L. Later, Yang et al. [222] take advantage

of electro kinetic preseparation (EP) and MIP technology to capture

and selectively enrich PAEs and realized the label-free detection of

charged PAEs molecules, as shown in Fig. 8. Similarly, AuNP/PDA-

MIP NPs controllably synthesized provide “hot spots” and specific

Fig. 9. (a) SERS spectra of BBP in different concentrations range from 0.01μmol/L

to 100μmol/L. (b) SERS intensities at 1003 cm−1. Each data point represents the

intensity value from five SERS spectra. Error bars show the standard deviations. (c)

UV–vis absorption spectra of the AuNPs@β-CD generated in the presence of various

concentrations (0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, and 1.0 μmol/L) of BBP. (d) The

dependence intensity of the AuNPs@β-CD on the increasing concentrations of BBP

(inset: corresponding photographs). Reproduced with permission [223]. Copyright

2019, American Chemical Society.

recongnition site at the junction of NPs. Due to the introduction of

an electric field, electrostatic attraction enables autonomous exclu-

sion and separation of the similarly charged molecules as same as

attraction and concentration of the oppositely charged molecules.

Subsequently, targets are allowed selective adsorption by MIP cav-

ities without the interference of analogues. The label-free SERS

sensor based on multiple coupling separation, trapping, and en-

richment strategies was demonstrated to detect charged phthalate

plasticizers in real samples, and the detection limits of DMP and

DEHP were as low as 2.7×10−12 mol/L and 2.3×10−11 mol/L, re-

spectively.

To further improve the sensitivity and selectivity of phtha-

late plasticizers, some dual-mode sensors based on colorimetric

(or fluorescence)/SERS have been developed. Li et al. [223] ex-

ploited a facile and sensitive colorimetric/SERS dual-mode sensor

by constructing β-cyclodextrin (β-CD) stabilized AuNPs (AuNP@β-

CD) colloid for BBP detection, which took the advantage of color

changes and Raman scattering altering during the aggregated pro-

cess of AuNP@β-CD. Due to AuNPs@β-CD larger specific surface

and plentiful voids, their “aggregates” offer large-volume hot spots.

The AuNPs@β-CD could capture hydrophobic groups of BBP by the

hydrophobic cavities of β-CD units. The abundant hot spots of

AuNPs@β-CD clusters triggered BBP are able to amplify the cor-

responding SERS signals, BBP detection limit is 0.01 μmol/L. In the

colorimetric analysis of detecting BBP, AuNPs@β-CD clusters act as

naked-eye indicators, and the colorimetric distinguishable response

can be accurately quantified via UV–vis spectroscopy with a lowest

detection limit of 14.9 nmol/L, as shown in Fig. 9.

Rong et al. [224] combined fluorescence analysis and SERS tech-

nology to prepare a dual-signal detection platform for DBP detec-

tion, as shown in Fig. 10. In this system, upconversion nanopar-

ticles (UCNPs) decorated with gold nanoparticles (AuNPs) provide

fluorescence signals and serve as Raman enhanced substrates, the

aptamer was applied as an identification tag for PAEs. The bimodal

nanosensor based on upconversion and SERS technology has been

successfully developed for DBP detection in food and its packaging.

The method had a good linear relationship, and the detection lim-

its of fluorescence method and SERS method were 0.0087ng/mL

and 0.0108ng/mL, respectively. Compared with the single-mode
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Fig. 10. Schematic illustration of fluorescence and SERS bimodal nanosensor for

PAEs. Inset: the groups on the surface and the TEM images of nanoparticles.

Changes in upconversion emission and Raman spectroscopy are also shown in their

corresponding spectra and photos. Reproduced with permission [224]. Copyright

2021, Elsevier.

optical probe, the hybrid optical probe can exhibit multiple out-

put signals and verify each other to ensure accuracy and prevent

non-positive signals. And that bimodal probes have a wider detec-

tion range, lower sensitivity, outstanding reproducibility, excellent

specificity and selectivity.

In conclusion, great progress has been achieved in the detection

of PAEs by SERS technology, but there is still work to be done. For

instance, the study on SERS signal enhancement mechanism lags

behind relatively and needs to be strengthened, and more SERS

substrate materials with good performance and low cost need to

be developed. The SERS should be combined with MIP, aptamer

and other technologies to achieve high specificity and sensitivity

PAEs detection as reviewed and discussed herein.

3. Summary and perspectives

The detection of PAEs residues acting as one of the largest en-

docrine disruptors has attracted a great attention from all walks of

life. However, due to their wide range of applications, wide variety

of analogs, undiscovered harmful effects, and the need for effective

analysis of environmental samples, they are still the current and

different research topics in analytical chemistry. This paper mainly

reviewed the research progress in the electrochemical and optical

sensor detection of phthalates in the past decade and present. Var-

ious sensitivity-enhancement techniques for these biosensors have

been developed [225–227], and the sensors showed a wide detec-

tion range and reduced the detection limit for PAEs detection. In

particular, the designing strategies of sensors based on nanoma-

terials for PAEs detection even provide signal amplified with sev-

eral orders of magnitude due to the accelerated signal transduction

through a synergic effect among catalytic activity, conductivity, and

compatibility. However, for exact diagnosis of trace PAEs residues,

we still have much work to do to study sensors with higher sen-

sitivity, higher specificity, and simpler portability. For instance, (1)

design and synthesize new, efficient, stable, and environmentally

friendly nanomaterials to provide more material sources for build-

ing high-performance sensors; (2) developing diversified and inte-

grated detection devices, reducing detection costs, and improving

the portability of on-site detection; (3) developing internal refer-

ence detection system and signal amplification detection platform

to improve the accuracy and sensitivity of detection.

From another perspective of environmental protection and hu-

man health maintenance, human beings should reduce the use of

plasticizers, and find low-toxic or even nontoxic and harmless plas-

ticizer alternatives, and replace them with most commonly used

PAEs such as DEHP and DBP at this stage.
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