Toutefois, le BPA libéré par les usines de fabrication ou les stations d'épuration des eaux usées est soupçonné de provoquer des maladies liées aux hormones en raison de son effet similaire à celui des oestrogènes. Afin de prévenir la menace du BPA, des efforts massifs ont été consacrés au développement de la détection du BPA.

Deux systèmes de détection à base de quantum dots (QDs) ont été construits dans le cadre de ce projet : (1) un système de détection aptamèremimétique basé sur un composite amylose/QDs fonctionnalisé, et (2) un ingénieux capteur fluorescent constitué de microgels de copolymère/QDs. Ces deux systèmes présentent une plage de détection considérablement étendue, une faible limite de détection et un temps de réponse rapide. De plus, ces systèmes fluorescents peuvent être appliqués directement pour détecter l'analyte dans l'eau sans prétraitement. En outre, les deux systèmes ont démontré une détection sélective des composés du BPA par rapport à 5 autres produits chimiques phénoliques. Enfin, les conditions de préparation et de détection ont été optimisées pour chaque capteur, et les mécanismes de détection ont également été validés au cours de cette thèse.

Title : Modifications of Quantum Dot-Based Probes for Environmental Sensing Keywords : Fluorescence sensor, Bisphenol A, Quantum dots, Functionalized amylose, Microgels Abstract : Endocrine-disrupting chemicals (EDCs) have become a worldwide environmental issue due to population explosion and industrial prosperity. EDCs are among the most concerning emerging contaminants because of suspicion as carcinogens alter the human body's reproductive, neurological, and immune functions. Bisphenol A (BPA) is one of the most alarming phenolic-EDCs widely used as an additive to enhance plastic's hardness and thermal stability. However, the discharged BPA from manufacturing factories or wastewater treatment plants is suspected of causing diseases related to the hormone due to the estrogen-like effect. In order to prevent the threat of BPA, massive efforts have been devoted to the development of BPA detection.

Two quantum dots (QDs)-based detection systems were constructed in this project: (1) an aptamermimetic sensing system based on functionalized amylose/QDs composite, and (2) an ingenious copolymer/QDs fluorescent microgels sensor. These two systems exhibit a considerably wide detection range, low limit of detection (LOD), and fast response time. Moreover, these fluorescent systems can directly detect the analyte in the water without pretreatment. In addition, both systems demonstrated selective sensing for BPA compounds over 5 other phenolic chemicals. Besides, the preparation and sensing conditions were optimized for each sensor, and the sensing mechanisms were also validated during this thesis.
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INTRODUCTION

BACKGROUND AND MOTIVATION

The global issue of emerging contaminants has arisen as a result of the rapid growth in population and industrial development. The release of these contaminants from various waste sources poses a gradual threat to both living organisms and human health. Among these emerging contaminants, endocrine-disrupting chemicals (EDCs) are particularly concerned due to their potential to act as carcinogens and disrupt the reproductive, neurological, and immune functions of the human body. Bisphenol A (BPA) is a prominent phenolic EDC that is extensively used as a plastic additive to improve the hardness and thermal stability of plastics. However, the release of BPA from manufacturing plants and wastewater treatment facilities is suspected to cause hormonal disorders due to its estrogen-like effect. To mitigate the risks associated with BPA, there is a high demand for a simple, rapid, and sensitive sensing system.

Various detection methods have been utilized for the detection of bisphenol A (BPA), such as high-performance liquid chromatography (HPLC), liquid chromatography/mass spectrometry (LC/MS), gas chromatography/mass spectrometry (GC/MS), and enzyme-linked immunosorbent assay (ELISA). However, these methods come with drawbacks such as high instrument costs, complex sample pretreatment, and prerequisites for specialized technicians, resulting in time-consuming BPA analysis. To address these issues, different types of sensors incorporating analyte receptors and signal transducers have been developed for real-time monitoring of this contaminant. These sensor types include electrochemistry-based, piezoelectric-based, and fluorescence-based sensors. Among them, fluorescence sensors have shown remarkable sensing capabilities due to their high sensitivity and practicality. The underlying mechanism of fluorescence sensors involves either enhanced or quenched fluorescence resulting from energy transfer or the formation of new species upon interaction with the target molecules.

Quantum dots (QDs) have emerged as a prevalent fluorophore in the field of sensing due to their continuous absorption, high quantum efficiency, excellent photostability, and narrow size-tunable emission.

In addition, the flexible surface modification capabilities of QDs make them highly versatile for sensor design, particularly in the realm of micro-analysis. Several strategies that either directly or indirectly (turnon, turn-off, on-off-on, off-on-off, and Förster resonance energy transfer, FRET) induce the enhancement or quenching have been developed for analyte sensing. Among the strategies, direct quenching resulting from the electron transfer between the probe and the analyte is the most straightforward approach. Various biomaterials, including aptamers and antibodies, have been extensively employed as receptors for the detection of bisphenol A (BPA) in coupling with QDs, enabling high sensitivity and selectivity. However, these biomaterialbased sensors are delicate and often necessitate complex manufacturing procedures, resulting in high costs for sensor constructs. To overcome these limitations, molecule imprinting polymers (MIPs) have been utilized as an alternative material, offering a more cost-efficient sensing platform. Nevertheless, as shown in Figure 1, the presence of inhibited diffusion within the cross-linked matrix of MIPs hinders the detection of trace amounts of BPA, resulting in prolonged response times. In addition, the inefficient combination of binding cavities and QDs leads to ineffective charge transfer and presents low sensitivity. Consequently, the development of a QDbased sensor that combines affordability, accuracy, and rapid response for the control of BPA presents a significant challenge. This project proposed the quantum dots (QDs)-based probes for efficient BPA detection by means of two linear macromolecules as receptors to address the challenges mentioned above. The linear macromolecules were respectively integrated with QDs and formed designed binding sites where proximal to the QDs, as illustrated in Figure 2. The first system utilized a phenylated amylose/QDs composite to create an aptamer-mimetic sensing system. The second system employed poly(styrene-co-glycidyl methacrylate)(poly (STYco-GMA))/QDs fluorescent microgels as the sensor. In our design, we created microcavities close to the QDs and surrounded specific functional groups that were capable of selective binding to BPA based on its chemical configuration through hydrophobic and π-π stacking interactions. Upon coupling the receptor materials with QDs, the hydrophobic helical cavities within the functionalized amylose could accommodate BPA molecules, leading to the release of intertwined amylose and recovery of fluorescence from the aggregated QDs. On the other probe, the unique microcavities formed by poly (STY-co-GMA) and the capping ligand (L-cysteine) on the surface of QDs trapped BPA molecules, resulting in fluorescence quenching through charge transfer. The final nanosized probes and linear reception elements facilitated the BPA diffusion in selective nanoscale sensing. Moreover, the fluorescence sensing mechanism of these probes relied solely on charge transfer during direct interaction, which enhanced sensitivity and reduced the response time.

DESIGN CONCEPT

OBJECTIVE

This project involved QDs preparation, reception elements design, and modification methods on QDs to validate the core concept of probe design for BPA detection with sensitivity, selectivity, efficiency, and cost-efficiency.

QDs preparation was discussed herein to inquire about suitable QDs for the following modification with receptors and application in BPA sensing. For sensitive, selected, and fast response BPA recognition, reception elements were conceived with the inspiration of aptamers and antibodies but in cost-efficiency and flexible manufacturing. The incorporations of organic recognized materials and inorganic cadmium-chalcogenide-based QDs were investigated to establish a BPA sensing system.

After optimizing the preparation procedures of BPA sensors, the sensitivity and selectivity of these sensors were examined. The sensors would also be characterized by morphology, size distribution, optical properties, and chemical properties via various instruments.

DISSERTATION CONTENT

In order to expound the development of an appropriate QD-based sensor for BPA detection, this project was divided and presented into five chapters.

Chapter 3 generally introduces the hazards of BPA and the challenges of BPA sensing systems construction, which extends to the hypothesis and objective of this project.

Chapter 4 contains an overview of the properties and the negative impact of BPA, advanced recognition materials for BPA, a brief introduction to QDs and their preparation methods, and various sensing mechanisms of fluorescence-based QDs sensors.

Chapter 5 focuses on the functionalized amylose/QDs composite. The preparation methods, the sensing mechanism, and the sensing performance of the functionalized amylose/QDs composite sensing system will be clarified.

Chapter 6 verifies the BPA detection in another sensing system, copolymer/QDs fluorescent microgels. The results of condition optimization, quenching mechanism, sensitivity, and selectivity of this probe are going to be discussed.

Chapter 7 summarizes the findings of this project and compares two sensing systems each other and also over other fluorescence-based sensing probes.

All the results and contents in Chapter 5 to Chapter 7 had been reorganized and published in the following publication:

[ 

LITERATURE REVIEW

BISPHENOL A (BPA)

BPA is a synthetic compound acquired by the condensation of acetone and phenol, which enables BPA to contain two phenyl groups and to be soluble in common organic solvents with less solubility in water [1]. Widespread utilization of BPA induces people to be concerned about the health threat from BPA. The growth of BPA-related research is shown in Figure 3, indicating the number of articles, conference papers, reviews, and books published annually, statistics by Huelsmann et al. [2]. Through massive investigation, BPA has been verified with hormone-like properties that imitate estrogen to influence the human body and has been categorized as an endocrine-disrupting chemical (EDC) [3]. Emerging contaminants are hazardous chemicals sparsely comprehended by human beings, no matter the behavior in environmental fate or the influence on creatures, arousing emerging contaminants to be a worldwide environmental issue. Endocrinedisrupting chemicals (EDCs), shown in Figure 4, are one of the most concerned emerging contaminants [4]. EDCs are not rare contaminants that have been identified and examined by the US Food and Drug Administration, resulting in more than 1800 chemicals influencing humans. European Commission also reported that these chemicals existed the threat of endocrine disruption. Because of the impact on hormones, EDCs exert actions on cellular and tissue with the circadian rhythms, seasonal changes, life stage, and sex for creatures [5]. EDCs also threaten the aquatic ecosystem through transgenerational genetic effects and trophic cascades [6].

Based on the sources of EDCs, they are classified into different types [7]. Polychlorinated biphenyls (PCBs) belong to "Artificial Chemicals" used as a coolant in the industry; Dichlorodiphenyltrichloroethane (DDT) is a famous compound for the severe environmental impacts on applying as an "Insecticide,"; Estradiol is a kind of estrogen in hormone therapy and called as "Pharmaceutical Agents.". The target molecule to be detected in this study, BPA, is seen as a "Plasticizer" and has been widely adopted as an additive to improve the properties of plastic. 

Properties of BPA

The basic properties of BPA are shown in Table 1, which provides information to comprehend the fate and risk assessment. The condensation of phenol and acetone in an acidic environment leads to the production of BPA with two phenyl groups and two terminal hydroxyl moieties. BPA is a solid white crystal, slightly soluble in water but entirely soluble in most organic solvents. [1-3; 8; 9] Nevertheless, the partial water solubility (120 mg/L) is sufficient for BPA to distribute into aqueous media, causing a potential threat to aquatic creatures and also a risk of human exposure from drinking water [8]. From the pKa of BPA (9.78-10.36), the BPA chemical pattern remains neutral without ionizing in portable waters that pH is generally below 7 [8; 10]. The hydrophobicity of compounds can be evaluated by log Kow, where values of less than 1 indicate the hydrophilic properties while more than 4 are hydrophobic [11]. The log Kow of BPA is around 3.34, implying BPA is able to be found in different environmental matrices such as surface waters and soils because of the moderate hydrophobicity [9; 12]. The mild Kow of BPA also contributes to the bioconcentration and bioaccumulation of organisms due to lipophilicity [9; 13]. BPA has been used as an additive in the synthetic polymer industry or an intermediate in resin production to ameliorate the stability and mechanical properties since the early 1950s [14].

The majority utilization of BPA is to be polymerized with polycarbonate (PC) and epoxy resin. PC is a thermoplastic prepared with BPA and used in bottles and food containers. The utilization of epoxy resin made with BPA are protective coating for automotive and marine. Another thermoplastic synthesized with BPA is called polysulphone, which is used as an alternative to the PC due to its high transparency, thermal stability, and mechanical strength. BPA is also copolymerized with Polyester resins are constructed on BPA and present string resistance to acids and alkaline liquids; thus, they are applied in storage tanks and water pipes. BPA is employed as well in the paper industry as the phenolic color developer. [15][16][17][18][19] No matter being copolymerized with plastic or directly utilized in thermal paper, the possibility of BPA leakage into the environment affects adverse human health. The potential risk of BPA sources from our daily life is illustrated in Figure 5. [19; 20] 

Potential Hazards of BPA

The moderate Kow, which represents mild hydrophobicity, attributed BPA to be ingested by living creatures. Besides the BPA exposure from water media, the BPA accumulation in organisms through bioconcentration, bioaccumulation, and biomagnification becomes another potential threat to the ecosystem. The intake of BPA chemicals after these actions is associated with a severe negative effect on humans. [3; 9; 13; 20; 21] According to previous research, most EDCs contain phenyl moiety, similar to the steroid hormone. The disorder mechanism from EDCs can be identified by the ten key characteristics proposed by La Merrill et al., shown in Figure 6 [22]. The hormone-like phenolic structure promotes BPA to interfere with organisms in the metabolism function.

The disorder of metabolic receptors increases health risks, including altering reproductive, neurological, and immune functions. Typical features of BPA hazards are related to hormone regulation, such as the interaction with hormone receptors, the alteration of expression and signal transduction in hormone-responsive cells, epigenetic modifications, and the clearance of hormones. [5; 21; 22] The cytotoxicity of BPA is mainly related to endocrine disruption, but some research indicated that BPA directly leads to oxidative stress by increasing the reactive oxygen species (ROS) and is accompanied by cell damage. The ROS from BPA also contributes to DNA mutations and the destruction of cellular macromolecules, inducing BPA carcinogenicity in breast, ovarian, and prostate cancer. Current studies reveal that BPA has neurotoxic to different organisms [13; 23]. Chen et al. reported the BPA effect on the nervous system through adsorption, affecting the central nervous and dopaminergic systems. In order to protect and adapt to the organisms, BPA actuates the production of NRG1-positive neurons, which results in neurotoxicity [13].

Therefore, in order to prevent these harmful effects of BPA on organisms from skin contact and digestion, developing a simple and efficient sensing system for BPA is essential. 

FUNCTIONAL MACROMOLECULES FOR BPA RECOGNITION

BPA has been confirmed to have had an adverse effect on people since the 1930s [21]. Henceforward, multiple analysis methods have been developed to detect BPA in the surrounding environment for potential hazard prevention [10; 24]. At the same time, numerous strategies are adopted for BPA removal [25]. One of the BPA removal treatments is preparing an efficient adsorbent to extract the BPA from the environment, where selecting a BPA-recognizable adsorbent is a cumbersome problem to address. Another issue is that to efficiently and conveniently detect BPA. For this purpose, miniaturized sensors are utilized to control the containment. Multiple sensors are constructed by aptamers, antibodies, or enzymes with a specific binding site toward BPA [10]. However, these biomaterials-based sensors incur a considerable cost to establish and require complicated manufacturing. Therefore, scientists attempt to seek alternative reception elements, such as modified polysaccharide and artificial materials, which are facile and economical.

Amylose

Amylose, a natural linear polysaccharide, contains a helical structure mainly composed of glucose units through α (1 → 4) linkage with repeated number ranges from 300 to 3000. After numbering the carbon atoms on glucose starting at the aldehyde groups in amylose, the α(1→4) linkage forms assigned to the 1-carbon on one glucose unit to the proximal 4-carbon glucose. [26; 27] From the chemical structure of amylose illustrated in Figure 7, the functionalization of amylose is facile due to the plenteous of hydroxyl groups on the polymeric backbone [28]. The methodology of amylose modification has been developed for ages to clarify the stereochemistry of amylose. Yoshio Okamoto's team proposed several methods to prepare a class of regioselectively substituted amylose derivatives applied in chiral stationary phases for HPLC. [29][30][31] Therefore, the fabrication of functionalized amylose for other purposes and applications is flexible and practicable. 

Helical Structure in Amylose

Through the X-ray diffraction analysis, it has been confirmed that amylose is left-handed helices with diameters of 13 Å and 8 Å between identical points in sequential turns [32]. The internal helix cavity demonstrates hydrophobic property, which enables amylose to provide a high-affinity binding site for the nonpolar compounds. The formation of a complex minimizes the interaction between amylose and water and is a reversible process, verified via differential scanning calorimetry (DSC) by Biliaderis et al. [33]. In order to dissociate the inclusion complex, heat is a necessity to be provided, implying specific forces, such as hydrogen bonding and Van der Waals interactions, which are involved in the conformation of a helix.

Colin et al. discovered an interaction of starch and iodine in 1814 [34].

According to the research from Katz et al., the amylose which interacts with iodine is named "V-amylose," which contains an internal cavity where is formed the complex with ligands [35]. After complexation, the iodine encapsulates in the hydrophobic helical cavity and forms a polyiodide with a blue appearance shown in Figure 8. The color of the iodine-amylose inclusion is assigned to the length of the amylose chain; for instance, the iodine-amylose complex forms in the length of amylose from 8 to 13 glucose units presents a red color with an absorbance of 450-500 nm, from 13 to 40 units shows a purple color (500-600 nm), and over 30 units express a blue color (above 550 nm).

The iodine test is employed to investigate the helix structure of functionalized amylose [36][37][38]. After blending, the test solution contains molecular iodine and potassium iodide, which are driven to be polyiodide ions. As mentioned, the presence of the amylose helix provides space for the linear polyiodide chain to be accommodated and an amylose-iodine complex to form. The amylose-iodine complex, which displays a blue color, is a charge-transfer complex; amylose is a charge donor, while the polyiodide inside is an acceptor. Therefore, the color change phenomenon concurred with the helicity of amylose and the length of the helical structure [37]. Besides, the substitution of polyiodide with other compounds presents vanished color and decreased absorbance intensity in the UV-vis spectrum, indicating the capability of inclusion-complex formation between amylose and target compounds that replaced the original inclusion iodine.

Figure 8. Schematic of the formation of a purple-colored amyloseiodine complex.

Amylose-based Recognition Material

Within helicity, amylose is able to form an inclusion complex through encapsulation. Compared with the aptamer, which is widely used as a receptor, amylose is more cost-efficient and more accessible to manipulate for different binding analytes by modification with suitable functional groups. According to the references, few studies were published where functionalized amylose was employed as a recognition material.

Wei et al. fabricated anthracene-labeled amyloses for chiral selective binding with tryptophan (Trp) enantiomers and established a sensing system by combining the reception molecules with reduced graphene oxide (rGO) shown in Figure 9a [36]. After introducing low dielectric solvent, DMSO, into the system, a conformational transition of amylose to helical structures was induced with the strengthening of the hydrogen bonds. The amylose-based sensor exhibited a low limit of detection (LOD) of 34 nM for the L-Trp because the amyloses selectively wrapped the L-Trp into their helical structure and excluded the interaction with D-Trp and other amino acids.

Tsuchiya and Kanekiyo decorated boronic acid in the amylose presented in Figure 9b to enhance the amylose affinity for polyhydroxy compounds [38]. Subsequent to mixing modified amylose with iodine, the mixture solution expressed a bluish purple because of the formation of the iodine-amylose inclusion complex. Once the polyhydroxy compounds existed in the system, a gradual bleaching color change due to the dissociation of iodine from the helical cavity was demonstrated with increasing polyhydroxy concentration. The electrostatic repulsion between iodine and anionic boronate moieties from the complexation of boronic acid with polyhydroxy affirmed this phenomenon.

Kanekiyo's team used amylose as a host to accommodate and imprint BPA in a polymeric matrix by the formation of an inclusion complex demonstrated in Figure 9c [39]. With the customized binding sites, the imprinted polymer was demonstrated to exhibit 8.32-9.87 times higher rebinding activity for BPA than for thymol and mTBPh. The result of Kanekiyo's team opened the possibility of using amylose as the reception element for selective BPA sensing.

Although amylose is able to encapsulate the compounds via the hydrophobic helical cavity and amylose is functionalized in feasibility. However, the related amylose-based sensors nor the modification for BPA binding have not been developed. 

Chitosan

In order to replace the high-cost recognition units, Cao et al. proposed another bio but inexpensive macromolecule, chitosan, to form the interaction with BPA shown in Figure 10a [40]. Herein, chitosan was applied as the receptor and the modifier on ZnS quantum dots.

Through the hydrogen bond formation between hydroxyl groups of BPA and amine moieties of chitosan, BPA bound to chitosan and led to the fluorescence quenching of QDs. The BPA sensing range in this system was 0.50-300 µg/L, and the detection limit was 0.08 µg/L.

Dehghani's team used chitosan to study the practicability of BPA removal [41]. Several conditions were examined during the adsorption, such as the adsorbent amount, adsorption time and kinetics, and the pH of the solution. The maximum BPA adsorption capacity in chitosan was 27.02 mg/g at pH 5. The results demonstrated that chitosan could be an efficient and economical adsorbent. After incorporating chitosan with sodium alginate and an aluminum-based metal-organic framework (MOF), the composite beads were utilized in BPA removal. The chitosan/sodium alginate enabled the composite beads to possess a high surface area and change the porosity, resulting in a high adsorption capacity of 136.9 mg/g. The chitosan provided massive hydroxyl and amine sites for hydrogen binding with BPA, illustrated in Figure 10b.

Based on the hydrogen bond formation, chitosan is allowed to recognize BPA and be applied in several electrochemical sensing systems through electrode modification with high sensitivity. Besides, Karrat et al. designed colorimetric paper-based analytical devices (PADs) by functionalized chitosan for visual BPA analysis [42]. Deprotonation of hydroxide in BPA caused the coupling reaction with chitosan and sulfamethoxazole, and the resulting products expressed yellow colors. The yellow color compounds determined BPA concentrations in colorimetric, and the detection limit in this system was 0.02 µg/mL.

Despite the high sensitivity or large adsorption capacity demonstration in proposed studies, the chitosan-based recognition material was challenged with limited selectivity because only the hydrogen binding formation was non-specific and easily altered by salts and pHs. 

β-cyclodextrin (β-CD)

β-CD is a cyclic oligosaccharide with a hollow structure of a hydrophobic cavity. With this cavity, β-CD presents a sized selectivity for chemical recognition by accommodating an appropriate compound in the hydrophobic interior. Olmo's team was the first time to introduce this property in BPA analysis to form a host-guest complex between β-CD and BPA [43]. Through the fluorescence from BPA, the system detected BPA in a range of 10.0-200,0 µg/L with a detection limit of 0.5 µg/L. Wang et al. immobilized the β-CD in a plasticized poly(vinyl chloride) membrane to construct another BPA fluorescence probe [44]. As shown in Figure 11a, BPA was extracted by β-CD into the membrane and sequentially formed an inclusion complex that enhanced the fluorescence of BPA in the BPA concentration from 6.0×10 -6 mol/L to 1.0×10 -3 mol/L with the LOD of 1.0×10 -6 mol/L. The synergistic shielding effect by β-CD in this system contributed to a high selectivity over the common ions in the water.

β-CD has been employed as an adsorbent in BPA removal because of the selected accommodation governed by the hydrophobic hollow structure. Kono et al. fabricated hydrogel beads composed of carboxymethylcellulose sodium salt (CMC) and β-CD with ethylene glycol diglycidyl ether (EGDE) as a cross-linking agent under alkaline, depicted in Figure 11b [45]. The maximum adsorption amount of BPA in this β-CD hydrogel was 167 μmol/g.

Currently, β-CD incorporated with multi-walled carbon nanotubes (MWCNT) to form an electrochemical probe via the inclusion property for BPA determination in Figure 11c [46]. Another application is to be used as a modifier on the ZnO quantum dots, which was established as a fluorescence sensor for BPA detection through encapsulating BPA and complexation of BPA and zinc ions in the aqueous solution, as shown in Figure 11d [47].

These sensing systems or adsorbents, based on the β-CD, demonstrated high ability on BPA recognition and less matrix effect from the surrounding environment but without analogues selectivity.

For the purpose of ameliorating the selectivity, several studies combined the concept of imprinting technique and β-CD encapsulation to use as high-selectivity adsorbents for BPA over other analogues. 

Synthetic Materials

In consideration of the price-performance ratio, synthetic materials definitely present more efficiency than bio-material with a low-cost and facile construction. Artificial materials possess higher stability in physical, chemical, and thermal aspects to be applied in practical usages, such as metal-organic frameworks (MOFs), carbon-based nanomaterials, molecularly imprinted polymers (MIPs), or functional polymers [2].

BPA is recognized by artificial materials commonly via hydrogen bonds with their two hydroxyl groups, which also arose in nitrogen-doped fluorescent carbon nanosheets (FCNSs), illustrated in Figure 12 Emerging MOFs are of interest in widespread areas because of the multiple stable pores that exist in MOFs. Zinc-based porphyrin metalorganic framework was employed in BPA sensing by Pang's team through the complexation between two hydroxyl groups in BPA and the zinc ions in this MOF [49]. The LOD was 0.902-0.906 nM in the zincbased porphyrin MOF. The profits of MOF to be used as an artificial material are the high surface area assigned to the porous structures and massive active sites for compound binding.

Various porous materials are applied as BPA recognition elements.

After etching single-crystal Si wafers, porous silicon was prepared by Chen et al. [50]. The porous silicon was sequentially modified by the carbonized layer and nanogold particles to protect the surface and enhance charge transfer. The porous silicon exhibited a high internal surface area and the capability to form electrostatic interaction with BPA. The porous silicon sensor presented a fast response to BPA in a detection range from 0.05 μM to 10 μM with a LOD of 0.0035 μM.

These artificial materials have been applied to recognize BPA compounds through hydrogen binding or coordination. However, they are not affordable to selectively interact with BPA.

Figure 12. The proposed synthetic BPA recognition elements constructed on FCNSs [48].

Molecularly Imprinted Polymer (MIP)

In order to provide the synthetic material to possess the ability on analogues selectivity, the molecule imprinted technique is used to prepare the BPA recognition units. The history of the molecule imprinted technique can be traced back to 1949 when Dickey proposed the concept of "specific adsorption." He introduced different kinds of dyes as templets into sodium silicate solution. After drying and removing the dyes, the specific silica gel was fabricated. In the comparison of the control gel without additional dyes, the specific gel presented high adsorption and selectivity performance [51]. In 1972, Wulff et al. investigated a method for chiral separation [52]. Functional monomer copolymerized with templet molecule, and a covalent templet binding MIP was produced. It was the first time when the imprinted polymer was prepared.

The principle of MIP is to create a three-dimensional imprinting cavity for a selective template in a bulk polymer [53; 54]. Figure 13 exhibits the primary components in MIP: templet molecule, functional monomer, and cross-linker. First, functional monomer forms a complex with imprint molecule via covalent or non-covalent bonding. Second, functional monomer and cross-linker are compatible; thus, copolymerization arouses and surrounds the target template. Finally, a specific cavity is yielded by ejecting out the target molecule and reserving the functional groups on the surface of the remaining holes.

Figure 13. The published schematic illustration of the MIP preparation method [53].

Several methods are used to manufacture MIP, including traditional monomer-based synthesis and phase inversion. The conventional monomer polymerization for MIP preparation is as mentioned above; the polymerization is conducted via all the typical methodologies, such as precipitation, suspension, emulsion, reversible additionfragmentation chain transfer, atom transfer radical, or surface modification. The phase inversion process follows: the polymeric films are immersed in the liquid phase with the template, and the complex of the target molecule and polymeric films transform into a solid phase after evaporation [54; 55].

Because of the size, shape, and binding affinity of the produced cavity, the target analyte can rebind and interact with functional moieties. The target is expected to be recognized and separated from in a mixture by means of the molecular imprinting technique. Also, the interference is presumed to be diminished in the complicated matrix [54][55][56].

Kim et al. introduced mesoporous silica MIP to CdSe QDs as the BPA fluorescent probe, illustrated in Figure 14a [57]. In order to increase the mass transfer, cetyltrimethylammonium bromide (CTAB) was introduced to prepared mesoporous silica MIP. Through the remaining hydroxyl groups in the cavities, mesoporous silica MIP interacted with BPA via hydrogen bonds, achieving a high selectivity and high sensitivity at the range of 0 ng/mL to 900 ng/mL in 1 min.

Apart from the mesopores from micelles by surfactant, surface modification is an efficient method to increase the surface area of MIP and accelerate the mass transfer of BPA. Qiu's team produce an imprinting shell on the CdTe QDs as a fluorescence sensor for BPA detection, as shown in Figure 14b [58]. 3-aminopropyltriethoxysilane (APTES) was employed as the functional monomer to form hydrogen binding with BPA. A liner detection range was obtained from 0.05-10 μmol/L with a LOD of 6 nmol/L in the hybrid SiO2-coated CdTe sensing system. Another core-shell molecularly imprinted polymer was proposed by Zhang et al., demonstrated in Figure 14c [59]. The same functional monomer, APTES, was used to create the selected cavity for BPA binding. The MIP was coated at the ZnS, which was coupled with FeOx magnetic nanoparticles to simplify the collection separation process.

Despite the fact that these MIP-based recognizing materials express high analogues selectivity on BPA recognition, the MIP-based recognizing elements are cumbersome in the complicated preparation process and slow mass transfer. 

Other Functional Polymers

Through the utilization of diverse functional monomers, the synthetic polymer is facilitated in the adsorption, recognition, and removal of contaminants. Based on the properties of pollutants, the tailor-made polymer has been designed for these purposes. Therefore, the ability of BPA recognition via functional polymers is attributed to hydrophobicity, π-π stacking interaction, and hydrogen bonding.

Gong et al. synthesized a composite for BPA adsorption based on powdered activated carbon (PAC) and N-isopropylacrylamide (NIPAM) [60]. PAC-PNIPAM showed a unique property that expressed hydrophobicity to hydrophilicity at a decreased temperature, as depicted in Figure 15a. With the temperature-response property, PAC-PNIPAM was easier to collect after adsorption. The porous structure in PAC-PNIPAM benefited BPA adsorption to 116.298 mg/g via hydrogen binding and expressed an application in water purification. Polyaniline is a conductive polymer with amine moieties that enable forming of hydrogen bonds with BPA. As shown in Figure 15b, Sk et al. used polyaniline to fabricate a nanocomposite with MWCNT and graphite [61]. Whether the carboxyl on the surface of MWCNT or the hydroxyl groups in polyaniline, they provided the ability to attract BPA binding and form hydrogen bonds, resulting in an electron transfer. Through the composite electrode, this sensing system was able to detect BPA at the nano-level concentration.

Even though these findings demonstrate a capability to interact with BPA through hydrogen bonds in synthetic polymers, the selectivity of BPA with these polymers is deficient compared to MIP. Besides, the interface between polymers and the signal transducer critically influences the sensitivity of BPA detection. Therefore, an appropriate polymer preparation and an efficient receptor-transducer coupling approach are needed to implement sensor construction. Polymerization is categorized into step-growth polymerization and chain polymerization.

Step polymerization relies on polycondensation, where polymerization is managed by stoichiometry and required precision [62]. Chain-growth polymerization is a high molecularweight polymerization process in which unsaturated monomers are polymerized sequentially as chain extensions with an active initiator, including a cation, anion, or free radical [63]. The use of synthetic polymers in advanced materials is challenged with tunable properties such as biocompatibility, the capability of surface modification, or stability in different environments. The key solution to address this challenge is to adopt an approach that controls the structure or composition of polymers well. However, both the ability of step growth and chain growth polymerizations are limited to achieving the fine control of polymers [63; 64].

Free radical polymerization, referred to as conventional radical polymerization, is a process that arouses unavoidable and irreversible chain transfer and termination, such as bimolecular termination, disproportionation, or chain transfers, due to the absence of the mediating species. The methodologies of reversible deactivation radical polymerization (RDRP), one of living polymerization [START_REF] Webster | Living Polymerization Methods[END_REF], have been developed to overcome these limitations by adding reagents to minimize the irreversible termination and extension of propagating radical's lifetime. By adding such agents, the coupling reaction of propagating radicals in RDRP is altered via reversible transfer or termination [63].

Compared with other polymerization techniques, RDRP demonstrates efficient polymerization under diverse conditions and utilization of wide-range monomers. Therefore, RDRP has become a superior approach for vinyl-monomers polymerization, verified by the numerous related publications annually presented in Figure 16 [63]. The fundamental mechanism of RDRP is composed of the persistent radical effect and the reversible reaction of propagating radicals. Once the polymerized reaction is initiated by radicals, other persistent radicals (X• ) rapidly and reversibly couple with propagating radicals to form the dormant species (Pn-X). The massive formation of dormant polymer chains suppresses the bimolecular termination and prolongs the lifetime of polymers.

RDRP is classified into three main polymerization processes, as shown in Figure 16 depicted by Corrigan et al., including stable radicalmediated polymerization (such as nitroxide-mediated polymerization, NMP), reversible addition-fragmentation chain transfer polymerization (RAFT), and atom transfer radical polymerization (ATRP) [63]. NMP is suitable for the application where concerned impurities because NMP is a unimolecular system without additional catalysts and metals, but in a high-temperature preparation. RAFT polymerization presents affable compatibility toward different monomers with metal-free procedures. However, the requirement of chain transfer agents that are synthesized via multiple steps limited the RAFT application [START_REF] Truong | A Comparison of RAFT and ATRP Methods for Controlled Radical Polymerization[END_REF].

Among the RDRPs, ATRP is one of the most extensively used routes, as indicated in Figure 16. The living polymerization in ATRP is implemented via a catalytic process mediated by the transition metal complexes (A m ), such as Cu(I) halide with ligands. The redox-active complexes as activators play a critical role in controlling the ATRP through the activation-deactivation mechanism. Generally, the activation process is when the dormant species react with the metal complexes at a lower oxidation state, followed by the formation of the propagating radical and higheroxidation-state metal complexes (A m+1 X). Sequential deactivation arises in trapping the propagating radicals by the higher-oxidationstate metal complexes and regenerating the dominant species [START_REF] Lorandi | Atom Transfer Radical Polymerization: A Mechanistic Perspective[END_REF].

Although ATRP demonstrates enormous versatility and broadened applicability, the technique has several challenges: low oxygen tolerance due to the sensitive catalyst utilization and a requirement of removal for remaining reactants because of the high catalyst consumption [START_REF] Truong | A Comparison of RAFT and ATRP Methods for Controlled Radical Polymerization[END_REF][START_REF] Lorandi | Atom Transfer Radical Polymerization: A Mechanistic Perspective[END_REF][START_REF] Konkolewicz | Reversible-Deactivation Radical Polymerization in the Presence of Metallic Copper. A Critical Assessment of the SARA ATRP and SET-LRP Mechanisms[END_REF][START_REF] Dworakowska | Toward Green Atom Transfer Radical Polymerization: Current Status and Future Challenges[END_REF].

In order to address these drawbacks, various strategies have been proposed to diminish the amount of reducing agents or to employ Cu(II) halide and solid Cu(0) instead of Cu(I) halide, the sensitive redoxactive complex. The approach which uses Cu(0) as the catalyst is called Cu(0)-mediated RDRP and has attracted attention since the 1990s due to the cost-efficiency and recyclability of Cu(0) [START_REF] Hu | Continuous Flow Copper-Mediated Reversible Deactivation Radical Polymerizations[END_REF]. The catalytic mechanism in Cu(0)-mediated RDRP has been debated as yet between single electron transfer living radical polymerization (SET-LRP) and supplemental activator and reducing agent atom transfer radical polymerization (SARA-ATRP) [68; 71; 72]. Hence, a brief illustration herein, as shown in Figure 17, that the mechanism of the activator formation (Cu(I) halide with ligands or Cu(0)) in Cu(0)-mediated RDRP is based on the comproportionation of Cu(0) and Cu(II) to Cu(I) halide with ligands or the Cu(0) itself [71; 72]. Afterward, the driving forces of the Cu(0)-mediated RDRP are the equilibrium between propagating radicals and dormant species, also the comproportionation and/or disproportionation of Cu species. The utilization of Cu(II) halide and Cu(0) leads the ATRP to a more stable reaction and higher air/oxygen tolerance due to the prevention of direct Cu(I) halide use. Therefore, pretreatment of cumbersome degassing techniques such as freeze-pump-thaw cycles or purification of Cu(I) is unnecessary in Cu(0)-mediated RDRP. Besides, the in-situ production of the activator during the Cu(0)-mediated RDRP reduced the catalyst consumption compared to the classic ATRP, resulting in a tiny amount of catalysts in the final production [START_REF] Sun | Cu-Catalyzed Atom Transfer Radical Polymerization: The Effect of Cocatalysts[END_REF].

Surface Functionalization with Polymers

The sensing application of nanoparticles suffers several obstacles, including insufficient colloidal stability in the aqueous solutions, nonselectivity interactions with analytes, and poor targeting ability in the matrix [START_REF] Kango | Surface Modification of Inorganic Nanoparticles for Development of Organic-Inorganic Nanocomposites-a Review[END_REF]. Surface modification of nanoparticles with functional polymers provides opportunities to address these problems [START_REF] Hansson | Grafting Efficiency of Synthetic Polymers onto Biomaterials: A Comparative Study of Grafting-from Versus Grafting-to[END_REF].

In order to functionalize the surface, three approaches are commonly employed, depicted in Figure 18, including grafting from, grafting to, and ligand exchange. In grafting from route, the polymers are prepared by surface-initiated polymerization via initiator surface immobilization.

The fast diffusion of small monomers to the surface leads to the high grafting density of polymers [START_REF] Tsujii | Structure and Properties of High-Density Polymer Brushes Prepared by Surface-Initiated Living Radical Polymerization[END_REF][START_REF] Pino-Ramos | Radiation Grafting for the Functionalization and Development of Smart Polymeric Materials[END_REF][START_REF] Minko | Grafting on Solid Surfaces: "Grafting to" and "Grafting from" Methods[END_REF]. Although a highly covalent coupling of polymers via grafting from, a limitation is expressed due to the initiator immobilization, such as the types of initiators and the immobilizing efficiency. Another strategy is to use grafting to that the synthesized polymers are modified to the surface via anchor groups of polymers with a specific reaction to the reactive moieties on the surface [START_REF] Pino-Ramos | Radiation Grafting for the Functionalization and Development of Smart Polymeric Materials[END_REF][START_REF] Minko | Grafting on Solid Surfaces: "Grafting to" and "Grafting from" Methods[END_REF][START_REF] Zdyrko | Polymer Brushes by the "Grafting to" Method[END_REF]. However, the coupling of polymer and surface encounters steric hindrance in the chemisorption of polymers, resulting in a lower grafting density. Besides, a high regularity of the pre-prepared polymer is required in the grafting to approach for acquiring a homogenous surface. After functionalizing the polymers with metal-coordinating groups involving carboxylate-, amine-, and thiol-compounds, the functionalized polymers are able to replace the native capping ligands on the surface via the ligand exchange method [START_REF] Dong | A Generalized Ligand-Exchange Strategy Enabling Sequential[END_REF][START_REF] Wang | A Multifunctional Amphiphilic Polymer as a Platform for Surface-Functionalizing Metallic and Other Inorganic Nanostructures[END_REF][START_REF] Wang | Surface-Functionalizing Metal, Metal Oxide and Semiconductor Nanocrystals with a Multi-Coordinating Polymer Platform[END_REF]. Nevertheless, the functional tailoring of polymers is complicated and requires prior understanding. The steric hindrance effect also reduces the polymer density on the surface in the ligand exchange technique.

Through surface functionalization, the chemical and physical properties of substance might be changed tremendously. Therefore, the purpose and the way of modifying the surface are required to focus on the maintenance of colloidal stability and effective functionalization. 

QUANTUM DOTS (QDS)

Quantum dots (QDs), called artificial atoms, belong to a zerodimensional semiconductor nanomaterial that emits fluorescence. Because of the three-dimensional quantum confinement effect, QDs exhibit optical and electronic properties change differing from bulk material [83; 84]. The size of QDs is usually in the range of 2 nm-10 nm, involving 10-1000 atoms. The fluorescence emission of QDs is influenced by the quantum size effects based on the exciton Bohr radius, a phenomenon that is observed in a semiconductor [START_REF] Andersen | Quantum Confinement in CdSe nanocrystallites[END_REF]. Once the size is below the exciton Bohr radius, the energy splits into several levels. Consequently, the optical band gap of the semiconductor is enlarged with decreasing size [84; 86]. Contributed to the property, QDs are easily customized by adjusting crystallite sizes to satisfy the needs of different sensing strategies, as shown in Figure 19 [84; 87].

QDs have been adopted in various optical applications, such as photosensitizers, light-emitting diodes (LEDs), solar cells, or transistors. Also, QDs are extensively used as fluorescent signal transducers in sensors [START_REF] Cui | Recent Progress in Quantum Dot Based Sensors[END_REF]. Compared to other organic fluorophores, QDs demonstrate a high extinction coefficient, high quantum yield, high resistance to photobleaching, and high durability [START_REF] Gould | A Quantitative Comparison of the Photophysical Properties of Selected Quantum Dots and Organic Fluorophores[END_REF]. Chalcogenidebased quantum dots, including CdSe, CdTe, and CdS, are commonly used as fluorescence transducers in optical sensing systems due to the accessibility and availability of precursors and the simplicity of the preparation [START_REF] Chand | Recent Developments on the Synthesis, Structural and Optical Properties of Chalcogenide Quantum Dots[END_REF]. Besides, these QDs express continuous absorption spectra, high quantum efficiency, excellent photostability, and narrow size-tunable emission. Meanwhile, these QDs present rapid transitions in nanoseconds from the isolation of electrons to recombination, which is superiorly appropriate to employ as a transducer [START_REF] Ma | Exciton Spin Relaxation in Colloidal CdSe Quantum Dots at Room Temperature[END_REF].

Figure 19. The schematic illustration of the quantum size effect of QDs and the fluorescence emission from publication corresponding with particle size [START_REF] Nordell | A Safer, Easier, Faster Synthesis for Cdse Quantum Dot Nanocrystals[END_REF].

Preparation of QDs

Various QDs are synthesized from multiple methods, which be concluded in two approaches, top-down and bottom-up [84; 91]. The top-down approach fashioned bulk material into the desired structure on a nanoscale. The typical method in the top-down approach includes electron beam lithography, plastic deformation, and ball milling. However, this approach introduces impurities and structural imperfections in QDs during the process [START_REF] Sumanth Kumar | Chapter 3 -Quantum Nanostructures (QDs): An Overview[END_REF]. In contrast, the bottomup approach used the supramolecular chemical properties to selfassemble the single molecule to the nanostructure conformation. QDs are usually fabricated from a colloidal solution to nanoparticles via epitaxial growth. The standard methods in the bottom-up approach consist of several wet chemical techniques, such as sol-gel, hydrothermal, co-precipitation, and hot injection [START_REF] Chand | Recent Developments on the Synthesis, Structural and Optical Properties of Chalcogenide Quantum Dots[END_REF]. Each method presents its pros and cons, so selecting an appropriate method depends on the accessibility and the application.

Sol-gel Method

The sol-gel method has been used to manufacture SiO2 for ages, which involves the following step: sol formation, gel formation, condensation, and drying [START_REF] Schraml-Marth | Porous Silica Gels and TiO2/SiO2 Mixed Oxides Prepared via the Sol-Gel Process: Characterization by Spectroscopic Techniques[END_REF]. Through the sol-gel process, the sol nanocrystals are able to disperse on the substrate and form a xerogel film. Scientists have attempted to prepare chalcogenide-based QDs via the sol-gel method for liking the particles with a three-dimensional network.

The preparation of chalcogenide QDs, similar to silica fabrication, contains thiolysis for sol and gel formation followed by condensation, as shown in Figure 20 [START_REF] Arachchige | Sol-Gel Methods for the Assembly of Metal Chalcogenide Quantum Dots[END_REF]. The formation of metal sulfide sol results from the thiolysis of metal alkyl precursors with an inert gas purge, leading to the thiolates surface capped metal chalcogenide nanoparticles. After the oxidant introduction, the thiolates transfer to disulfides on the surface of particles for oligomer formation.

Continuously oxidized condensation leads oligomers to assemble and form the gels. Gaeeni's team has applied another green sol-gel method to synthesize CdSe QDs [START_REF] Gaeeni | Green Synthesis of CdSe Colloidal Nanocrystals with Strong Green Emission by the Sol-Gel Method[END_REF]. The process used Se powder with borohydride (NaBH4) in an aqueous solution with cadmium chloride capped by starch in an alkaline environment. The obtained CdSe of the size was 3 nm with nanocrystalline.

The sol-gel route demonstrates the simplicity of construction, homogeneity of the QDs, controllable size and shape, and lowtemperature process. However, the accuracy of a manufacturing environment is required for sol-gel preparation, and the final products are usually aerogel or xerogel.

Figure 20. The published scheme and TEM image of the sol-gel method for QDs preparation [START_REF] Arachchige | Sol-Gel Methods for the Assembly of Metal Chalcogenide Quantum Dots[END_REF].

Co-precipitation Method

The co-precipitation method is applicable to compounds where the solubility changes under different conditions, illustrated in Figure 21.

The mixture solution, which contains metal salts and organic capping agents, is continuously stirred first. The co-precipitation is induced by the alteration of temperature or/and the adjustment of the pH solution.

After the drying process, the chalcogenide QDs are collected [START_REF] Mishra | Structural, Photoconductivity and Photoluminescence Characterization of Cadmium Sulfide Quantum Dots Prepared by a Co-Precipitation Method[END_REF].

Several factors, such as the pH value, the reaction time, the concentrations of precursors, and the capping agents, determine the particle size in this method [START_REF] Chand | Recent Developments on the Synthesis, Structural and Optical Properties of Chalcogenide Quantum Dots[END_REF].

Overall, co-precipitation is described as having the following stages [START_REF] Mishra | Structural, Photoconductivity and Photoluminescence Characterization of Cadmium Sulfide Quantum Dots Prepared by a Co-Precipitation Method[END_REF]: nuclei formation, crystal growth, Oswald ripening, and/or agglomeration. In the initial stage, the massive nuclei form from the solution, and sequentially crystalline growth arises. The crystalline growth accompanies the agglomeration through Ostwald ripening.

The size of the particles is stabilized by steric repulsion from surfactants or surface modifiers and electrostatic repulsion from surface charge.

Singh et al. reported a facile and economical method to prepare the CdSe(S) QDs via a chemical co-precipitate method. Different sizes of CdSe(S) QDs were well controlled at 3 nm, 5 nm, and 6 nm [START_REF] Singh | Structural, Morphological and Optical Properties of CdSe(S) Quantum Dots[END_REF]. Nevertheless, to obtain a homogeneity QDs, the solubility of reactants must be similar. Besides, the specific particle size and the crystalline structure are challenging to be managed. Therefore, this method is suitable for the low demand for purity crystals.

Figure 21. The schematic illustration of the co-precipitation method for QDs preparation.

Hydrothermal Method

The hydrothermal method is suitable for synthesizing unstable crystals at the melting point, fabricating the materials that generate high vapor pressure during the process, or the numerous high-quality crystal production [START_REF] Feng | Chapter 4 -Hydrothermal and Solvothermal Syntheses[END_REF]. The manufacturing process is carried out in sealed steel cylinders and placed in the autoclave. The high temperature and pressure enable sulfides and oxides to be soluble in an aqueous solution, resulting in homogenous crystal growth.

Liu's team successfully prepared CdSe QDs and investigated the factor affecting the products via the hydrothermal method [START_REF] Liu | Hydrothermal Synthesis of CdSe Quantum Dots and Their Photocatalytic Activity on Degradation of Cefalexin[END_REF]. The hydrothermal method is able to fabricate a well-controlled crystal and uniform size. However, a requirement of prior understanding of the reactant solubility, the potential dangers from the high-pressure vessel, and the uncertainty of the reaction progress are the disadvantages of the hydrothermal method.

High-temperature Arrested Precipitation Method

The high-temperature arrested precipitation method, referred to as the hot injection approach, is feasible to manufacture the monodispersed QDs [START_REF] Chand | Recent Developments on the Synthesis, Structural and Optical Properties of Chalcogenide Quantum Dots[END_REF]. As shown in Figure 22, the preparation procedure initiates separately dissolving chalcophile powder and metal oxide in a solvent. The capping ligands are further introduced to the metal oxide solution for coordination with metal ions. After heating the metal oxide solution up to a high temperature, the chalcophile solution is quickly injected into the solution. Finally, different sizes of QDs can be acquired by collecting aliquots at individual times [START_REF] Nordell | A Safer, Easier, Faster Synthesis for Cdse Quantum Dot Nanocrystals[END_REF].

Surfactants are a pivotal factor in hot injection methods due to the amelioration of the comparable reactivity of chalcophile elements and metal ions. Besides, the continuous sorption and desorption of surfactants from the surface of QDs nuclei contribute to the monodisperse particles and exclude the unreacted chemicals. Another factor of the hot injection method is the concentration of the precursor.

A moderate concentration of precursors leads to abundant nuclei formation at once, resulting in a homogenous size distribution [START_REF] De Mello Donegá | Physicochemical Evaluation of the Hot-Injection Method, a Synthesis Route for Monodisperse Nanocrystals[END_REF].

The growth of QD depends on the high temperature, so the change in temperature quenches the hot injection reaction.

Peng et al. proposed high-quality CdSe QDs synthesis via the hot injection approach [101; 102]. Compared to dimethyl cadmium, the CdO precursor they used was less toxic and more stable. Based on this successful preparation, the application of CdSe QDs begins to be used widely in different areas. The hot injection method is facile and able to manufacture the monodisperse and high quantum yield QDs without post-treatment, but a high-temperature environment is required.

Figure 22. The schematic illustration of the hot injection method for QDs preparation.

Surface Modification of QDs

As stated previously, QDs are synthesized via an aqueous sol-gel approach or a thermal decomposition method in a solvent. The nanoscale of QDs attribute to the high surface energy, which leads to surface defect and fluorescence quenching [START_REF] Liu | Surface Modifications Technology of Quantum Dots Based Biosensors and Their Medical Applications[END_REF]. However, the hot injection method has been used more extensively because of the simplicity and well-controlling of QDs preparation. Therefore, two strategies are able to ameliorate the defect and stabilize the QDs in both routes; one is inorganic shell passivation, and the other is capping ligand protection [START_REF] Liu | Surface Modifications Technology of Quantum Dots Based Biosensors and Their Medical Applications[END_REF][START_REF] Karakoti | Surface Functionalization of Quantum Dots for Biological Applications[END_REF][START_REF] Hu | Metal-Based Quantum Dots: Synthesis, Surface Modification, Transport and Fate in Aquatic Environments and Toxicity to Microorganisms[END_REF]. The typical surfactants used in the thermal decomposition method are shown in Figure 23a, such as trioctylphosphine oxide (TOPO), dodecanethiol, and oleic acid [START_REF] Sperling | Surface Modification, Functionalization and Bioconjugation of Colloidal Inorganic Nanoparticles[END_REF].

The prepared QDs are covered with nonpolar capping agents, which present hydrophobicity and require further surface modification illustrated in Figure 23b for applying even functionalizing these organic QDs in an aqueous environment or biology.

Figure 23. (a) The proposed scheme of QDs with common capping agents [START_REF] Sperling | Surface Modification, Functionalization and Bioconjugation of Colloidal Inorganic Nanoparticles[END_REF]. (b) Surface modification strategies for stabilization or application of QDs.

Inorganic Shell Passivation

Passivation of QDs enables an amelioration of the quantum yield by passivating the defect on the surface of QDs, which leads to nonradiative recombination [START_REF] Vasudevan | Core-Shell Quantum Dots: Properties and Applications[END_REF]. Two major approaches to encapsulate the QDs core: core-shell formation and silanization, depicted in Figure 24. The merits of these heterogeneous particles are enhanced quantum yield, improvement of optical properties, stable structures, high environmental tolerance, and wide application [START_REF] Rabouw | Excited-State Dynamics in Colloidal Semiconductor Nanocrystals[END_REF].

The typical semiconducting layer, such as CdS, ZnS, or CdSe, improve the quantum yield through the difference in the electron configuration with core QDs. Generally, the core-shell formations are categorized based on the shell semiconduction materials with their electron band structures, including type I, type II, and type I1/2 (or quasi-type II) [START_REF] Silvi | Interfacing Luminescent Quantum Dots with Functional Molecules for Optical Sensing Applications[END_REF],

shown in Figure 24a [START_REF] Rabouw | Excited-State Dynamics in Colloidal Semiconductor Nanocrystals[END_REF]. Type I core QDs are coated with a larger band gap shell, resulting in the confinement of charge carriers in the core material. In contrast, the carriers in type II are located in the core and shell separately due to the lowest unoccupied molecular orbital (LUMO) and highest occupied molecular orbital (HOMO) disparity between the two materials. For the quasi-type II, one carrier is delocalized while the other is confined in the shell. Peng's team reported a quasi-type II QDs preparation [START_REF] Peng | Epitaxial Growth of Highly Luminescent CdSe/CdS Core/Shell Nanocrystals with Photostability and Electronic Accessibility[END_REF]. The monodispersed morphology and the electron distribution (hole confinement and electron delocalization) were verified in their research. A controllable CdS shell of up to ten layers maximum covered the CdSe core assisted in enhancing the quantum yield and photostability due to the hole confinement.

Silanization is the process of surface coating with an amorphous silica shell, as presented in Figure 24b. Silanization of the QDs surface allowed the QDs to possess biocompatibility and aqueous solubility for biology applications [START_REF] Wolcott | Silica-Coated CdTe Quantum Dots Functionalized with Thiols for Bioconjugation to IgG Proteins[END_REF]. Gerion et al. synthesized water-soluble QDs by embedding the QDs in a siloxane shell and conserving the optical properties of QDs [START_REF] Gerion | Paramagnetic Silica-Coated Nanocrystals as an Advanced MRI Contrast Agent[END_REF]. Through the functionalization of amino groups on the surface of the silica shell, allowing the conjugation between QDs and biomolecules. The silanized QDs express extreme stability and are prevented from degradation due to the compassed cross-liking silica shell. Besides, the QDs can be functionalized during the silanized shell formation via different types of silicon, such as polyethylene glycol silanes and aminopropyl silanes [START_REF] Hu | Metal-Based Quantum Dots: Synthesis, Surface Modification, Transport and Fate in Aquatic Environments and Toxicity to Microorganisms[END_REF]. 

Amphiphilic Surfactant Combination

Amphiphilic surfactants allow the hydrophobic QDs to transfer to hydrophilic QDs via adsorbing on the original ligands. The amphiphiles contain aliphatic chains which can interact with organic ligands and polar end groups that are polar and normally charged, enabling QDs to disperse in an aqueous solution [105; 113]. The common surfactants are oligomeric or polymeric compounds, such as quaternary ammonium salts, CTAB, lipids, or modified polymers mentioned previously.

Zarnani et al. presented a methodology for the preparation of amphiphilic polymer-coated CdSe QDs, as demonstrated in Figure 25 [START_REF] Amir-Hassan | Bioimaging Based on Antibody-Conjugated Amphiphilic Polymer-Core@Shell Quantum Dots[END_REF]. Through interaction between TOPO and poly(maleic anhydridealt-1-tetradecane), the dispersion of QDs in water was increased. The embedded QDs were able to conjugate with anti-human CD4 monoclonal antibodies and demonstrated high quantum yield compared to as-prepared QDs.

The amphiphile surfactant combination preserves the primeval properties of inorganic QDs because the original ligands are maintained without change; the benefit is that the sensitive core of QDs is protected from oxidation. Besides, the combination layer enriches the utilization of QDs through various functional amphiphiles. However, the small amphiphilic ligands are easily desorbed from the surface and affect the stability of QDs in some cases [START_REF] Goas | in)Stability of Ligands at the Surface of Inorganic Nanoparticles: A Forgotten Question in Nanomedicine?[END_REF].

Figure 25. The published route of amphiphilic polymer coupling with QDs [START_REF] Amir-Hassan | Bioimaging Based on Antibody-Conjugated Amphiphilic Polymer-Core@Shell Quantum Dots[END_REF].

Ligand Exchange

Surface ligand exchange is one of the most adopted approaches to transferring organic capped QDs to hydrophilic QDs [116; 117]. Other bifunctional ligands substitute the original capping agents to stabilize colloidal QDs in the aqueous phase through the stronger affinity toward the QDs surface. Since the capping ligands bind to the surface QDs via the Lewis acid-base interaction, the different abilities of chelation formation cause the competition of ligand binding [START_REF] Zhou | Surface Ligands Engineering of Semiconductor Quantum Dots for Chemosensory and Biological Applications[END_REF][START_REF] Shrestha | Near-Infrared Active Lead Chalcogenide Quantum Dots: Preparation, Post-Synthesis Ligand Exchange, and Applications in Solar Cells[END_REF][START_REF] Freeman | Optical Molecular Sensing with Semiconductor Quantum Dots (QDs)[END_REF].

For instance, the affinity of the thiol group to the metal ion is higher, so the incoming mercapto ligands replace the original capping agent [START_REF] Rossi | The Role and Fate of Capping Ligands in Colloidally Prepared Metal Nanoparticle Catalysts[END_REF].

Dai et al. proposed a facile strategy to transfer the oleophilic QDs into hydrophilic QDs via multiple ligand exchange procedures, sketched in Figure 26 [START_REF] Dai | Ethylenediamine-Assisted Ligand Exchange and Phase Transfer of Oleophilic Quantum Dots: Stripping of Original Ligands and Preservation of Photoluminescence[END_REF]. Ethylenediamine (EDA) was employed in the ligand exchange as a mediator to interact with the native capping agents and lead the ligands to detach from the surface of QDs because of the higher affinity to the zinc atom. Afterward, the QDs were transferred to an aqueous medium via the adsorption of EDA on the surface. EDA spontaneously desorbed from QDs in the aqueous solution, contributing to the mercapto acids replacement. EDA addition assisted a high transfer efficiency and maintained the optical properties of QDs.

Hydrophilic thiol-based molecules are extensively used to replace the phosphine or oleophilic QDs attributed to their high affinity [START_REF] Karakoti | Surface Functionalization of Quantum Dots for Biological Applications[END_REF]. The end moieties of the polar ligands are able to couple with various functional compounds in different applications [START_REF] Uyeda | Synthesis of Compact Multidentate Ligands to Prepare Stable Hydrophilic Quantum Dot Fluorophores[END_REF]. However, the possibility of incomplete substitution influences the efficiency. The incomplete replacement causes defects on the surface of QDs and low water solubility, resulting in low quantum yields [START_REF] Silva | Effect of Surface Ligands on the Optical Properties of Aqueous Soluble CdTe Quantum Dots[END_REF].

Figure 26. The scheme illustrated the ligand exchange strategy in a publication [START_REF] Dai | Ethylenediamine-Assisted Ligand Exchange and Phase Transfer of Oleophilic Quantum Dots: Stripping of Original Ligands and Preservation of Photoluminescence[END_REF].

SENSORS

Sensors are devices that can detect and provide responses to stimuli [START_REF] Cichosz | Polymer-Based Sensors: A Review[END_REF]. Through applying sensors in analysis, the target molecule is verified and quantized. Figure 27 demonstrates that a fundamental sensor is a type of miniaturized analytical instrument comprising a reception element and a signal transducer [START_REF] Mukherjee | Sensory Development for Heavy Metal Detection: A Review on Translation from Conventional Analysis to Field-Portable Sensor[END_REF]. The function of the receptor contributes to recognizing and binding with the analytes, while the transducer is responsible for translating this binding event into a readable signal. Therefore, the recognition ability of a sensor over the target material is controlled by the reception material, which involves selective absorption and accuracy binding. For example, the specific sites on antibodies and aptamers allow these biomaterials to present high selectivity and to be superior receptors [START_REF] Ragavan | Sensors and Biosensors for Analysis of Bisphenol-A[END_REF]. Several artificial materials, as mentioned previously, are synthesized as receptors with both exceptional selectivity and cost-efficiency. The response expression is related to the translating rate of transducers, which commonly employ surface plasmon resonance (SPR) nanoparticles, piezoelectric crystals, and QDs. Finally, transducers can generate signals such as amperometry, piezoelectricity, or spectrometry.

Figure 27. The schematic illustration of sensors and instances of the receptors, transducers, and signals.

As shown in Table 2, different BPA sensors published during 5 years are compared with their receptor, transducer, signal, LOD, detection range, and time. Although electrochemistry-based sensors display considerable sensitivity and fast response, the construction is complicated, requiring specific conductive receptors for electrode utilization. Among these manners, optical-based sensors are superior because of their flexible usage, high sensitivity, facile preparation and economic manufactory. Among the optical sensing systems, fluorescence sensors demonstrate extraordinary performance because of their high sensitivity, feasibility, and cost-effectiveness [START_REF] Shin | Review-Recent Progress in Portable Fluorescence Sensors[END_REF]. The fundamental mechanism of fluorescent sensors for detecting analytes contributes to the interaction with the target molecules, resulting in fluorescence enhancement, quenching, or shifting due to the energy transfer or new species formation [START_REF] Skorjanc | Covalent Organic Polymers and Frameworks for Fluorescence-Based Sensors[END_REF].

With the Jablonski diagram shown in Figure 28, the phenomena of fluorescence and other radiative transitions are illustrated and explained [133; 134]. After a given energy is absorbed by the fluorophore, the fluorophore is promoted from the ground state (S0) to the electronically excited state. Because of various collisions with the surrounding environment, enforcing the fluorophore consumes some energy and steps down to the lowest state of the excited state (S1). By means of returning from the excited state (S1) back to the ground state (S0), radiative energy emits in the form of fluorescence. The fluorescence presents at a longer wavelength compared to the incident excitation called Stokes shift since some energy is lost during the transition in the way of non-radiative emission. Another electron transition, intersystem crossing, leads the fluorophore to transit from the excited S1 state to the triplet T1 state and emit a weaker but more stable light, phosphorescence. However, phosphorescence seldom applies in sensing systems due to the longer lifetime [START_REF] Skorjanc | Covalent Organic Polymers and Frameworks for Fluorescence-Based Sensors[END_REF].

Since the fluorescence results from the recombination of the excitons, it is expectable that any influence of this electron-hole recombination would affect the fluorescence emission intensity, such as the alteration of the surrounding environment or the interaction formed between the fluorophore and other chemical species [START_REF] Basabe-Desmonts | Design of Fluorescent Materials for Chemical Sensing[END_REF]. In static quenching, the encountering complex of fluorophore and acceptor forms before the excitation, and the coupling strength of this encountering complex is usually more robust. Following the excitation, the static complex is unable to emit fluorescence due to a new electronic configuration formation, whereas the electronic configuration is unchanged in the dynamic quenching. Dynamic quenching, referred to as collisional quenching, arises when the fluorophore excitation is prior to the contact of the fluorophore and acceptor. Namely, the acceptor diffuses to the fluorophore's proximity during the lifetime of excitons in the dynamic quenching. Once the weak coupling of fluorophore and acceptor forms, the charge or the energy in the excited fluorophores is transferred to the acceptor; thus, the fluorophore returns to the ground state via non-radiative relaxation. However, the dependencies of the fluorescence intensity upon acceptor concentrations in both dynamic and static follow the Stern-Volmer equation [START_REF] Mátyus | Steady-State Fluorescence Quenching Applications for Studying Protein Structure and Dynamics[END_REF][START_REF] Lakowicz | Quenching of Fluorescence[END_REF][START_REF] Gehlen | The Centenary of the Stern-Volmer Equation of Fluorescence Quenching: From the Single Line Plot to the SV Quenching Map[END_REF]. The quenching fluorescence can be described by the Stern-Volmer equation:

𝐹 0 𝐹 ⁄ = 1 + 𝐾 𝑆𝑉 [𝑄] (Equation 1)
where F0 is the fluorescence intensity without the acceptor, F is the quenched intensity with the acceptor, KSV is the Stern-Volmer quenching constant, and [Q] is the acceptor's concentration. Therefore, the fluorescence quenching phenomena are commonly presented as a plot of the F0/F dependence upon the acceptor concentrations, which is expected to be a linear correlation. In sensing applications, the concentration of analytes is able to be determined via the Stern-Volmer equation with fluorescence change [START_REF] Douglas | Response Characteristics of Thin Film Oxygen Sensors, Pt and Pd Octaethylporphyrins in Polymer Films[END_REF].

Because of the difference in the quenching mechanism, the KSV is related to the different reaction constants. The KSV of dynamic quenching is controlled by the diffusion coefficient, while the KSV of static is derived by the association constant due to the complex formation. Since the KSV is determined by two routes, the dynamic and static quenching can be distinguished by the KSV at different temperatures. The higher temperatures contribute to higher diffusion coefficients, so the KSV in dynamic quenching expresses higher values with increasing temperature. In contrast, the stability of complexes decreases at a higher temperature; thus, the KSV in static quenching shows a lower value at an increased temperature [START_REF] Lakowicz | Quenching of Fluorescence[END_REF].

Another way to verify the quenching is to separately examine the absorption spectra of the fluorophore, the acceptor, and the fluorophore with the acceptor. The unchanged absorptions are shown in dynamic quenching because the collision quenching only influences the excited states of the fluorophore. Compared with dynamic quenching, static quenching demonstrates perturbation in the absorption spectra due to the complex formation. Wu's team constructed a MIP-coated gold nanoclusters system to detect BPA based on the static fluorescence quenching [START_REF] Wu | Molecularly Imprinted Polymers-Coated Gold Nanoclusters for Fluorescent Detection of Bisphenol A[END_REF]. After the formation of a Meisenheimer complex between BPA and the gold nanocluster, the absorption spectrum was changed, implying a static fluorescence quenching attributed to the BPA detection in a range of 0-13.1 μM with LOD of 0.10 μM.

In the dynamic quenching systems, after the collision of the fluorophore and acceptor, different quenching ways lead to decreased fluorescence intensity, including ICT, RET, inner filter effect (IFE), and PET [132; 141; 142]. The ICT only arises in a fluorophore containing both electron-donating groups and electron-accepting moieties, which results in the charge separation in a fluorophore after excitation [START_REF] Silva | Recent Evolution of Luminescent Photoinduced Electron Transfer Sensors. A Review[END_REF]. The ICT fluorophores are sensitive to the external environment, and their fluorescence spectra dramatically change in a nonpolar solvent where the fluorophores without charge separation are attributed to the low quantum yield. So, constructing a sensor based on ICT is restricted by the types of fluorophores and the analysis environment.

Förster resonance energy transfer (FRET), as shown in Figure 30a, is an energy transfer from one fluorophore to the other proximal attribute to the spectral overlap between the emission of the fluorophore and the adsorption of the acceptor [START_REF] Clapp | Förster Resonance Energy Transfer Investigations Using Quantum-Dot Fluorophores[END_REF]. The distance between the fluorophore and the acceptor should be in a range of 10 to 100 Å for efficient FRET. Wang et al. constructed a hybrid system based on FRET with split aptamer, 6-carboxyfluorescein fluorophores, and black hole quencher 2 [START_REF] Wang | Enzyme-Free Amplified and One-Step Rapid Detection of Bisphenol A Using Dual-Terminal Labeled Split Aptamer Probes[END_REF]. After the BPA complex with split aptamer, the rebinding aptamer induced the FRET from fluorophores to the quenchers, causing quenching in merely 5 min. The linear detection range in this system was 1.0-100 ng/mL, and the LOD was 0.89 ng/mL.

Figure 30b expresses the PET mechanism, where an electron transfer occurs from the fluorophore to the acceptor. In this process, PET assists the non-radiative transition in fluorophore and acceptor, resulting in fluorescence quenching [START_REF] De Silva | Fluorescent PET (Photoinduced Electron Transfer) Sensors as Potent Analytical Tools[END_REF]. Numerous fluorescence sensing system has been constructed on the PET mechanism. For example, chitosancapped ZnS QDs was fabricated to be applied in BPA detection by CaO et al. [40]. The fluorescence quenching of ZnS by BPA, which form the hydrogen bonding with chitosan, was verified in electron transfer over a wide range from 0.50 to 300 μg/L with a LOD of 0.08 μg/L in 4 min.

After absorbing the emitted or exciting light of fluorophores, the quenching arises as an IFE, as presented in Figure 30c. Li et al. proposed a sensing system where gold nanoparticles quenched the fluorescence of QDs via IFE [START_REF] Li | Aptamer-Based Fluorescent Detection of Bisphenol A Using Nonconjugated Gold Nanoparticles and CdTe Quantum Dots[END_REF]. By adding BPA into the system, the BPA/aptamer complex formation reduced the IFE because of the gold nanoparticle aggregation. This sensing system exhibited a linear detection range of BPA from 10 ng/mL to 80 ng/mL with a LOD of 1.86 ng/mL. 

Fluorescence Enhancement System

The sensing mechanism of the fluorescence enhancement system is complicated because fluorescence enhancement relies on the recovery of quenching with the involvement of multiple transfer processes [START_REF] Rodrigues | Application of Nanocrystalline CdTe Quantum Dots in Chemical Analysis: Implementation of Chemo-Sensing[END_REF].

According to the quenching mechanisms, all the prevention of these quenching phenomena leads to fluorescence recovery is ascribed to the "turn on" sensing mechanism.

A new complex formation of acceptors and analytes causes a change in the absorption of acceptors, reducing the energy transfer from fluorophores to acceptors. The deterrence of FRET allows the fluorescence to be enhanced, and the analytes are able to be detected.

The absorption spectra shifting of the acceptor due to the existence of analyte compounds prevents the ICT occurrence is a similar route for fluorescence enhancement [START_REF] Tanwar | Stepwise Elucidation of Fluorescence Based Sensing Mechanisms Considering Picric Acid as a Model Analyte[END_REF]. [START_REF] Rodrigues | Application of Nanocrystalline CdTe Quantum Dots in Chemical Analysis: Implementation of Chemo-Sensing[END_REF]. QDs are well-defined nanocrystals with a high surface area, inducing the formation of enormous surface dangling bonds that cause the creation of the mid-gap state. The mid-gap presents an electron trap capability, resulting in a decreasing quantum yield due to the reduced lifetime of excitons. Since the mid-gap provides faster recombination for the photogenerated carriers, the exciton relaxed in a non-radiative transition. Therefore, any analyte molecules are able to bind with these dangling bonds with a diminishment of mid-gap, allowing higher quantum yields in QDs and enhancing the fluorescence emission. An immediate response to stimuli is required to construct a rapid BPA sensing system. Most fluorophores are able to reflect the analytereceptors binding events within milliseconds, indicating a minor influence on response time. The response time is dominant determined by the mass transfer of analytes, the equilibrium time of analyte-receptors formation, and the process in the sensing strategies.

COMPARISON AND CONCLUSION

A more straightforward procedure in a sensing manner results in a faster response, as shown in published sensors.

The sensitivity of a sensor is not only controlled by the sensibility of recognition materials but also the effectiveness of signal conversion.

Effective coupling of the transducers and the receptors, such as a proximal combination, leads to an efficient signal transducing after target compound-reception elements binding. For example, MIPbased sensors express a lower LOD than other types of sensors because of some separation between fluorophores and recognition cavities, inducing inefficient signal conversion.

In conclusion, designing an efficient sensing system must evaluate the recognizability of the reception material, the efficiency of targetreceptor binding, and the effectiveness of signal-transducing. Moreover, the affordable of materials. the accessibility of preparation, and the availability of sensors need to be in consideration. According to the extraction from the bibliography reviews with these objectives, we developed two recognition materials and established different sensing systems with designed specific cavities based on different sensing mechanisms in the following chapters. 

INTRODUCTION

Endocrine-disrupting chemicals (EDCs) have been suspected of altering the human body's reproductive, neurological, and immune function, which induces cancers, growth delay, and abnormal sexual development [1]. These compounds generally contain phenyl groups, are highly hydrophobic, and could harm human health via diet or nondiet approaches [2]. Bisphenol A (BPA) is one of the most concerning phenolic-EDCs because it has been widely used in plastic production [2]. To prevent the threat of exposure to BPA, a simple and highly sensitive probe is highly demanded.

Chalcogenide-based quantum dots (QDs) such as CdSe are commonly used in advanced sensing systems due to their high quantum yields and controllable surface and electro-optical properties, as well as the availability of mature preparation method [3]. They are good at micro-analysis and can be customized to detect compounds via fluorescence quenching, enhancement, or Förster resonance energy transfer (FRET) [4]. Surface modifiers for the QDs were the key to controlling the compatibility of the probes in different media and their sensitivity to target compounds. In order to detect BPA in the aqueous phase, Cao et al. loaded hydrophilic chitosan onto ZnS QDs.

The probe showed a quenched fluorescence while the chitosan bound BPA with electrostatic interaction [5]. To enhance the sensing selectivity, bio or bio-mimic reception elements, such as molecularly imprinted polymers and aptamers, have been developed for optical sensing [6][7][8]. Kim et al. encapsulated CdSe QDs within a BPAimprinted SiO2 substrate and found that the sensor exhibited a 13times higher Stern-Volmer quenching constant for detecting BPA molecules than for 4,4'-bisphenol, hydroquinone, and diethylstilbestrol. The high selectivity arose from the customized binding sites in the SiO2, which were created by taking the target compounds as templates [6]. Despite the demonstration of high selectivity, the firm SiO2 matrix unfavored trace-amount detection because of inhibited mass transfer [9].

In contrast to the rigid matrix, flexible aptamers bind targets easily and enable a low detection limit. Aptamers are single-stranded oligo/polynucleotides that can fold into a specific conformation to bind target molecules selectively. Li et al. introduced an anti-BPAaptamer into an Au/CdTe QDs system and recovered the fluorescence of the CdTe QDs when the aptamer complexed with BPA molecules. This sensing system exhibited a linear detection range of 10-80 µg/L and a low detection limit of 1.86 µg/L [7]. Another aptamer-based sensing system had been designed by Lee et al. composed of dual fluorescence QD emitters and single-stranded DNA. The aptamer and the DNA were labeled with 565-and 655-nm QD emitters, respectively, and the fluorescence intensity ratio between 655 and 565 nm decreased when BPA separated the DNA from the aptamer by binding with the aptamer. This sensing system performed a broad quantification range over 1-104 ng/L and a low detection limit of 0.17 ng/L [8]. Even though the aptamer-based sensing systems were highly sensitive, they were very costly and needed complicated procedures in build-up and detection.

In analogy to polynucleotide-based aptamers, amylose is a natural polysaccharide with α-(1→4) linkage and contains helical structures [10]. Like aptamers, amylose is able to encapsulate molecules within its helical space to form an inclusion complex. Moreover, amylose is more available, economical, and easy to manipulate for different analytes by modification with suitable functional groups, even better than aptamers [11][12][13]. An anthracene-labeled amylose fabricated by Wei et al. has been used as a chiral probe for tryptophan (Trp) enantiomers. Because the amyloses selectively wrapped the L-Trp into their helical structure and excluded D-Trp and other amino acids from binding, the amylose-based sensor exhibited a low detection limit of 34 nM for the L-Trp [11]. Tsuchiya and Kanekiyo designed a ligand-exchange method to detect polyols with amylose [12]. To increase the affinity of amylose to polyols, they modified the amylose with boronic acids. When the amylose encountered the analyte, iodine ions (I -) were released from the pre-formed complex and used as an indicator of the analytes. Tao's group used amylose as a host to accommodate BPA and then imprinted the BPA molecules in a polymeric matrix. With the customized binding sites, the imprinted polymer exhibited 8.32-9.87 times higher rebinding activity for BPA than for thymol and thymol analogue [13]. The result of Tao's group opened the possibility of using amylose as the reception element for selective BPA sensing. However, the amylose-related optical sensors nor the modification for BPA binding have not been developed.

In this study, amylose was used as a reception element and combined with CdSe QDs to construct a "fluorescence on" probe for BPA detection. To enhance the affinity of the amylose to BPA and enable the amylose to bond to the CdSe QDs, the amylose was functionalized with phenyl groups on the glucose units and a thio group at the terminal site. Figure 33 illustrates the structure of the modified QDs and the sensing mechanism. Due to hydrogen bond interactions between the amylose, the QDs aggregated and emitted low fluorescence as the consequence of self-quenching. The fluorescence was recovered due to the expanded interparticle distance when the formation of inclusion complexes with BPA molecules relaxed the intermolecular interaction. The complexation of amylose is selective to BPA molecules due to its suitable molecular size, hydrophobicity, and molecular configuration. The phenyl groups modified on the amylose promote the inclusion complexation. Additionally, the linear polymer facilitates mass transfer. The amylose-based QDs could report the BPA concentration within 5 min and exhibited a wide dynamic range over 1.0×10 -1 -1.0×10 5 μg/L and a low detection limit (LOD) of 3.0×10 -2 μg/L in deionized water. Even in the presence of the matrix effect, the probes could still detect a BPA concentration as low as 1.0×10 -1 μg/L in the tap and drinking waters with low LOD (7.0×10 -2 μg/L in tap water, and 8.0×10 -2 μg/L in drinking water). The sensing performance for the other 5 phenolic EDCs, including phenol, E2, pyrene, 2,2'-BPF, and 4,4'-BPF, was also examined. Selective sensing with respect to molecular properties was discussed. Ioidine test dye HANWAY CHEMICAL
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Functionalization of Amylose with Phenyl and Thiol Groups

Amylose was modified with phenyl and thio groups sequentially, as shown in Figure 34. Selective substitution of the OH groups on the glucose unit with benzoate species followed the procedure reported by Okamoto's group [14].

Figure 34. Schematic of preparation procedures for functionalized amylose derivatives.

Amylose (0.2 g) was dissolved in 4.0 mL of dimethyl sulfoxide (DMSO, 99%, Sigma-Aldrich) at 80°C under stirring for 15 min. After cooling to 40°C, 5.0 mg of vinyl benzoate and 10 mg of Na2HPO4 catalyst were added to the solution to initiate the esterification between the OH and the benzoate group. After a 70-hour reaction, the amylose was precipitated by 20.0 mL of isopropyl alcohol (99%, J.T. Backer) and collected by centrifugation. The phenyl-modified amylose was called AP. Functionalization of the AP with a thio group at the reducing terminal was conducted using a reductive amination method [15]. The AP of 0.1 g was dissolved in 10 mL of DMSO at 60°C. After cooling to room temperature, 1.0 mL of 1.0 M acetic acid (CH3COOH, Sigma Aldrich, 90%) was added into the AP solution drop by drop, followed by adding 200 μL of cysteamine and 25 mg of sodium cyanoborohydride (NaBH3CN). After a 3-day reaction at room temperature, the functionalized amylose, called APS, was precipitated by methanol (95%, J.T. Backer) and then collected by centrifugation.

Preparation of CdSe Nanocrystals

CdSe QDs were prepared using selenium (Se) and CdO as the precursors. Se stock solution was prepared by dissolving 30 mg of selenium powder and 0.4 mL of trioctylphosphine solution (TOP) in 5.0 mL of 1-octadecene. In parallel, Cd solution was prepared by adding 13 mg of CdO powder and 0.6 mL of oleic acid in 10 mL of 1octadecene in a 25 mL round bottle. The solution was purged with N2 gas and then heated at 225°C for 20 min till the solution became colorless. At this moment, 1.0 mL of the Se stock solution was injected quickly into the solution to initiate the formation of CdSe QDs for 1.5 min. After quenching, the OA-QDs were precipitated by acetone and collected by centrifugation. The obtained OA-QDs were stored in toluene (90%, J.T. Backer).

Ligand exchange of OA-QDs with APS

For ligand exchange, the OA-QDs were precipitated from the toluene by acetone. After centrifugation, the precipitate (3.0 mg) was resuspended into 1.0 mL of pyridine (Alfa, 99%). At the same time, 0.1 g of APS was dissolved in 2.0 mL of pyridine. The OA-QDs and APS suspensions were then mixed to replace the oleic acid with the APS via ligand exchange under vigorous stirring for 24 hours. The resulting APS-QDs were precipitated by ethanol (J.T. Backer, 90%) and then collected by centrifugation. The modified QDs were again dispersed in 3.0 mL of DMSO.

Characterization

Functional groups of AP, APS, OA-QDs, and APS-QDs were determined using an FT-IR spectrometer (Nicolet iS10, Thermo) equipped with liquid-nitrogen-cooled mercury cadmium telluride (MCT) detector. The FTIR spectra were acquired in transmittance mode from 4000 to 500 cm -1 at a step of 1.929 cm -1 for 32 scans. 1 H and 13 C NMR studies were carried out with a VARIAN UNITY INOVA 500NMR (500 MHz) spectrometer). For the NMR characterization, Amylose, AP, and APS were dissolved in DMSO-d6 at ambient temperature. The morphology of QDs was characterized using a transmission electron microscope (TEM, JOEL JEM-3000F) operated at 300 kV. Samples for TEM characterization were prepared by depositing one drop of the QDs solution on a carbon-coated copper grid without any additional staining. The size distribution of QDs and APS-QDs was measured by dynamic light scattering (DLS, Zetasizer Nano ZS90, Malvern) at 25°C and a detector angle of 90°. Absorption spectra of the QDs (the concentration was controlled at 1.0 g/L) were recorded using a UV-Vis spectrometer (HITACHI 3010) scanning from 400 to 700 nm. Emission spectra were acquired using a fluorescence spectrophotometer (Hitachi F-4500) at the excitation wavelength of 400 nm. The pristine CdSe QDs were dispersed in toluene, and the APS-CdSe QDs in DMSO.

Iodine Test

The iodine test was used to verify the capability of the amylose and APS on inclusion complexation with BPA molecules. The amylose and APS were dissolved in 0.5 mL of DMSO at the concentration of 1.0 g/L and then mixed with 0.5 mL of Iodine stock solution (5 % of Lugol's solution) to form an iodide complex. Then, different concentrations of BPA solutions were introduced into the mixed solution with 30 min sonication to replace the trapped iodide ions from the amylose and APS. The iodide absorbance at different statuses was measured by the UV-vis spectrometer (HITACHI 3010) scanning from 300 to 900 nm.

Sensing Test

The sensing performance of the APS-QDs for BPA and the other 5 phenolic EDCs, including phenol, pyrene, 17β-estradiol (E2), 2,2'dihydroxyldiphenylmethane (2,2'-BPF), and 4,4'dihydroxydiphenylmethanepyrene (4,4'-BPF), was examined by adding 0.1 mL of the corresponding analyte solution into 0.9 mL of 1.0 g/L APS-QDs/DMSO solution. After the reaction for 5.0 min, the fluorescence spectra of the APS-QDs were measured with an excitation at 400 nm. The fluorescence intensity of the APS-QDs in the DIwater/DMSO solution without BPA was denoted as F0, while the fluorescence intensities in the presence of different concentrations of BPA were measured as F. The fluorescence recovery was calculated as F/F0. All the analytes were dissolved in deionized (DI) water except for pyrene and E2, which were dissolved in methanol. The salting effect on the sensing performance was examined at different concentrations of NaCl (Sigma-Aldrich, 99.5%) or NaH2PO4 (Alfa, 99.7%). The optimal addition was determined and used to improve the sensing performance further. Sensing performance for BPA analyte in tap and drinking waters was conducted using a standard addition method. The water samples were pre-filtrated with 5 μm filter paper (ADVANTEC, NO.2) to remove suspended particles and then added with BPA to reach different concentrations. The limit of detection (LOD) was estimated from the 3 times the standard deviation of the lowest concentration.

Determination of BPA by HPLC-PDA

The standard method for BPA determination was conducted using high-performance liquid chromatography (HPLC, Waters Alliance e2695) equipped with a photodiode array detector (PDA, Waters 2996) and a C18 column (Thermo Hypersil BDS, 4.6 mm × 250 mm × 5 μm). Standard solutions were prepared in DI water at concentrations in the range of 5.0×10 1 -1.0×10 5 μg/L. The sample of 10.0 μL was injected into the HPLC system and was carried by a mobile phase composed of 50% acetonitrile (J.T. Backer, 98%) and 50% deionized water (v/v) at a flow rate of 1.0 mL/min. The concentration of BPA was analyzed by measuring the absorbance at 277 nm. Since the original BPA concentrations in the actual samples were lower than the detection limits of the probe, those samples were treated as blank samples. The recoveries (R%) of the analysis were calculated using the following equation: R(%) = (measured concentration /spiked concentration)×100%. To further identify the chemical structure of the AP and APS, 1 H (Figure 36a) and 13 C NMR spectra (Figure 36b) of the two derivatives and amylose compounds were examined. The aliphatic species of glucose constituents appeared at δ 3.34-3.64 and 5.09 ppm in the 1 H-NMR spectra and δ 60.41-99.99 ppm in the 13 C NMR spectra of the amylose, AP, and APS [10;23]. After functionalizing the amylose with vinyl benzoate moieties, additional aromatic peaks at δ 7.40-8.15 ppm in the 1H-NMR and δ 128.77-133.71 ppm in the 13 C-NMR spectra were detected. Along with the aromatic feature, a carbonyl group at 5.76 ppm in the 1 H-NMR and δ 174.40 ppm in the 13 C-NMR spectra of AP and APS appeared [14]. Relative to the OH intensity at the C-6 position, the decreased OH signals at the C-2 and C-3 positions suggested that the phenyl groups were linked at the two positions via esterification. According to the peak ratio between the H1 and the OCH in the AP (1/0.56), about half of the glucose unit was modified with the benzoate moieties. Functionalization of the AP with -SH groups showed additional peaks at δ 2.97 and δ 3.15 ppm in the APS, which were the hydrogens on the carbon near the thiol and the amine group, respectively. Since the H1/OCH ratio of the APS (1/0.58) was close to that of AP (1/0.56), the cysteamine was modified at the terminal site of the amylose without altering the structure and the composition of the AP backbone [24;25]. 13 C-NMR spectra of amylose, AP, and APS. The values shown on or below the NMR peaks are the relative peak area by taking a selected peak as the base in each spectrum.

Characterization of QDs and APS-QDs

Figure 37 shows TEM images and optical properties of the pristine CdSe QDs (OA-QDs) and the APS-QDs. The OA-QDs shaped spherically with a regular size of ca. 5.0 nm in toluene. In consideration of water compatibility for sensing, the toluene was replaced with DMSO after introducing APS onto the QDs. In contrast to the monodispersed pristine QDs, the resulting APS-QDs in DMSO aggregated as a result of hydrogen bonding and hydrophobic interactions between the APS moiety. According to the number-based size distribution, the primary size of the aggregates was 78.7 nm, while the QDs were sized at 5.6 nm (Figure 37c and Figure 37d). The UV-vis absorption edge and the fluorescence peak of the pristine QDs overlapped at 553-554 nm. Besides, their bandgap derived from the absorption edge (2.24 eV) was larger than that of bulk particles (1.74 eV). These features confirmed the quantum size effect in the QDs [26]. After introducing the APS onto the QDs, the dissolution of the outmost atoms by strong covalent interaction between the APS and the cadmium atoms slightly reduced the particle size and blue-shifted both the absorption edge and fluorescence peak to 552 nm [27]. The quantum yields (QY) of the QDs were determined by following the method reported by Williams et al. [28] Rhodamine 6G was selected as a reference dye, and its QY was 95% in ethanol with an excitation at 560 nm. Relative to the QY of the reference dye, the QY of samples was derived with the equation:

𝜑 𝑠𝑎𝑚 = (𝐼 𝑅ℎ6𝐺 𝐼 𝑠𝑎𝑚 ⁄ )(𝐴 𝑠𝑎𝑚 𝐴 𝑅ℎ6𝐺 ⁄ )(𝜂 𝑠𝑎𝑚 𝜂 𝑅ℎ6𝐺 ⁄ )2𝜑 𝑅ℎ6𝐺 (Equation 2)
where φ represents the quantum yield, I is the absorbance, A is the fluorescence area, and η is the refractive index of the solvent. In this study, the QY of the pristine QDs and APS-QDs were 71% and 11%, respectively. Since the acceptable QY for the fluorescence-based sensors is at least 10% [29], the APS-QDs were suitable for the fluorescent analysis for BPA detection.

Interaction of BPA with the APS-QDs

Due to hydrogen bonds, amylose can form double-stranded helices or randomly intertwined moieties at room temperature, and this structure would transform into single-stranded helices after the formation of inclusion complexes with guest species [30][31][32]. In order to ascertain the helical structure of the APS and its interaction with BPA molecules after phenylation, the iodine test was conducted for amylose and the APS in the DMSO solutions in the absence or presence of BPA. Figure 38a shows the UV-vis absorption spectra of iodide complexes in different solutions. The simple iodine solution was brownish with absorption at 372 nm. In the presence of amylose, the formation of linear polyiodide species in the amylose-iodine inclusion complexes turned the color from brown to blue and red-shifted the absorption peak to 613 nm [33;34]. A similar color change was found in the iodine test for the APS species, ascertaining the helicity of the modified amylose. Compared with the absorbance in the amylose system, the absorbance of the polyiodide species in the APS system appeared at a shorter wavelength of 548 nm. This blue shift indicated a shorter polyiodide species formed in the APS-iodide complex and implied a random distribution of the phenyl groups in the polysaccharide chain [35]. Different concentration of BPA was further introduced into the APS/iodide system. An obviously decreasing peak of polyiodide is found with increasing BPA concentrations, revealing that the trapped iodides were replaced by BPA molecules in the helix cavities of APS since the new inclusion complex (APS/BPA) was colorless. The absorbance was slightly changed in the amylose/iodide system with different concentrations of BPA in Figure 38b, denoting that the unmodified amylose could not form a complex with BPA. An analogue chemical, phenol, was introduced to the iodine solution system to validate the selectivity of APS. As shown in Figure 38c, the polyiodide absorptions present a slight change in different phenol concentrations compared with BPA. This consequence was attributed to the weaker complexation ability of APS toward phenol. (A/A0) in the APS complex before and after interaction with BPA and phenol at different concentrations. A0 is the original polyiodide absorbance in the APS complex, and A is the absorbance after interaction with BPA or phenol.

Formation of the BPA/APS inclusion complexes remarkably recovered the fluorescence of the APS-QDs (Figure 39a). In the meantime, the size of the small APS-QDs aggregates increased from 106.8 to 140.4 nm, and the percentage of the large aggregates (622.8 nm) increased from 1.8 to 7.7% (Figure 39b). The increased size could be due to swelling and/or BPA-mediated aggregations. Because the fluorescence intensities of the APS-QDs in the DMSO (F0= 103) and the DMSO/water (9/1, v/v, F0= 97) were close while the aggregate sizes increased from 78.7 to 106.8 nm in the presence of water, the recovered fluorescence primarily resulted from an expanded dot-todot distance. Compared with the fluorescence quenching in the conventional fluorescent sensing systems, [5;6;36] the recovered fluorescence in this study was less affected by non-specific physisorption. Thus, the APS-QDs could be more sensitive to trace amounts of target analytes. 

Optimization of APS-QDs for Sensing

In order to minimize the influence of aggregation and to expose the designed binding sites, the APS-QDs were dispersed in DMSO. Figure 40 shows the fluorescence recovery of the APS-QDs prepared with different APS-to-QDs weight ratios and with different APS-QDs loadings in the system. The APS-QDs exhibited the highest F/F0 ratio (4.2) at the APS: QDs=0.5: 1.0, where the F and F0 were the fluorescence of the system with and without BPA, respectively. The fluorescence recovery was controlled by the quantity of the bonded APS molecules on the QDs. According to the F0 values at different APS-to-QDs weight ratios, the optimal ratio (0.5: 1.0) led to the lowest fluorescence intensity. This phenomenon implied a compact aggregation resulting from the optimal ratio. Since the QDs were cross-linked via the interactions between the APS ligands, the compact aggregation was attributed to a high degree of ligand change. Other than the optimal ratio, both low exchanging driving force at low APS concentrations and pre-formed large APS complexes at high APS concentrations suppressed the bonding of the APS moieties to the QDs. Consequently, the APS-QDs were less sensitive to BPA molecules.

The APS-QDs prepared with the optimal APS-to-QDs ratio were further used to determine the optimal APS-QDs loading in the DMSO solutions for sensing. The F/F0 ratio increased with increasing APS-QDs loadings until 1.0 mg/mL, at which the F/F0 exhibited the highest value (4.2). Although weakened interaction between the APS moieties led to high F0 values at low APS-QDs loadings (Figure 40b), the interparticle distance in the loose aggregates was less affected by the BPA binding, so was the fluorescence recovery. On the other hand, above 1.0 mg/mL, promoted aggregation (615 nm) limited the BPA diffusion within the cross-linked QDs, thus inhibiting the fluorescence recovery. In order to determine the optimal pH window for sensing, the F/F0 ratios at different pHs of the APS-QDs/DMSO solution and the BPA aqueous solution were measured (Figure 41a). When changing the pHs of the DMSO solution, the system exhibited the highest F/F0 ratio (4.0) in the pH range of 8.0-11.0, and the F/F0 value declined outside the pH window. When the pH decreased to 4.0, the fluorescence was nearly unchanged with the BPA binding. A similar trend was found when only adjusting the pHs of the BPA aqueous solution, but the impact was less than that by adjusting the pHs of the DMSO solution. The highest F/F0 values (3.66-4.11) occurred over pH 5.0-11.0 of the aqueous solutions. This pH range covers most conditions of natural surface water, tap water, and drinking water [37]. The influence of pHs on the sensitivity was associated with the APS-BPA interaction and ligand dissociation. The pKa of the glucose unit in the polysaccharide and BPA molecule was 12.35 and 9.78-10.36, respectively [38;39]. Protonation and deprotonation of both the APS and BPA were responsible for the low sensitivity both under the acidic and strong base conditions [40]. Besides, dissociation of the capped ligand from the QDs below pH 4.0 severely disabled the QDs for sensing [41]. Since the system performed satisfactory sensitivity at neutral conditions, the following experiment was conducted without adjusting the pHs. The optimized APS-QDs system could respond to the BPA stimulus in 5.0 min (Figure 41b). The exponential relationship: 3) resembled the Freundlich adsorption equation: 4)

𝐹 𝐹 0 ⁄ = 𝐾 × [𝐵𝑃𝐴] 𝑏 (Equation
𝑥 𝑚 ⁄ = 𝐾 𝑓 × 𝐶 1 𝑛 ⁄ (Equation
where x represents the adsorbed mass, m is the mass of the adsorbent, C is the adsorbate concentration, and Kf and 1/n are the Freundlich constant and a dimensionless factor that describe partition ability and adsorption effectiveness, respectively [42]. Since the recovered fluorescence resulted from the adsorption of BPA by the APS, the values of K and b in the exponential equation could be correlated to Kf and 1/n in the Freundlich equation model [43]. According to the assumption of the Freundlich adsorption model, the adsorption sites are heterogeneous in the APS-QDs system [42], explaining that the recovered fluorescence resulted from an expanded dot-to-dot distance due to the inner swelling and the insertion of BPA in particles (Figure 43).

Figure 43. Schematic for the probable heterogeneous binding sites highlighted in different colors for BPA in the APS-QDs system.

To verify selectivity of APS-QDs, sensing performance was examined toward other phenolic EDCs with varying molecular sizes and geometries. Figure 44 shows the fluorescence changes of the APS-QDs in response to phenol, E2, pyrene, 2,2'-BPF, 4,4'-BPF, and BPA at different concentrations in DI water. Evidently, the probe demonstrated exceptionally high sensitivity to BPA compared to the other tested EDCs. The sensitivity, as determined by the exponential factor (b), followed the order BPA > 4,4'-BPF > 2,2'-BPF > pyrene > E2 (Table 5). Unlike the larger EDCs that caused fluorescence recovery, the smaller phenol molecule quenched the fluorescence. Phenol, with its smaller size (5.7×4.3 Å) [44], only slightly enhanced the fluorescence below a concentration of 5.0×10 3 μg/L (Appendix A, Figure A1a). Beyond this concentration, the fluorescence was quenched as the phenol concentration increased. This finding indicates that small phenol molecules diffused through the APS moieties to reach the surface of the QDs instead of complexation with the APS [36]. The limited complexation between APS and phenol was confirmed by the iodine test and discussed in the former chapter. Similar challenges in forming an inclusion complexation with small molecules were also observed in the lipid-amylose system [45][46][47]. Due to a small intermolecular interaction between short lipids and amylose, the lipids with 12 or fewer carbons in the chain were unable to be wrapped in the host molecule [47]. E2 (10.3×5.1×4.9 Å) and pyrene (9.2×6.4×3.5 Å) had close molecular dimensions to BPA (9.4×5.3×4.3 Å) [48][49][50][51]. However, the APS-QDs exhibited lower sensitivity to these two molecules, and the F/F0 value reached a plateau (1.3-1.6) at their low concentration of 1.0×10 4 μg/L (Appendix A, Figure A1b andA1c). The low sensitivity was attributed to their low solubility in DMSO. E2 and pyrene had higher log KOW values (Table 5, E2: 4.13; pyrene: 5.17) than BPA (log KOW: 3.43) and lower solubility in polar solvents [52; 53]. The strong non-covalent interaction between the hydrophobic molecules caused them to form dimers or molecular aggregates in the solutions, making them difficult to accommodate in the helical APS [45;54-56]. In comparison to small phenol and hydrophobic pyrene and E2, the fluorescent system showed a more excellent response to the three bisphenol analogs: 2,2'-BPF, 4,4'-BPF, and BPA. The sensitivity was highest for BPA, followed by 4,4'-BPF and 2,2'-BPF. These findings suggest that the APS moiety had a preference for accommodating bisphenol compounds into its helical cavity. Yeo et al. discovered that the optimal log KOW for the highest complexation with amylose was 2.6-2.8 [57]. Compounds with lower log Kow values were too hydrophilic to partition into the hydrophobic cavities. Conversely, excessively high log Kow values limited the compounds' solubility in aqueous solutions and hindered their complexation with amylose. In this study, the optimal log Kow range for high sensitivity was 2.69-3.43 (Table 5, BPA: 3.43, 4,4'-BPF: 2.91, 2,2'-BPF: 2.69) [52;58]. Among the three bisphenols, BPA had both high hydrophobicity and high solubility in DMSO (BPA: >25 g/L). Therefore, it had the highest driving force to complex with the APS and recovered the fluorescence of the APS-QDs mostly. In contrast to BPA, 2,2'-BPF was the least detectable compound among the three analogs. Molecular configuration was the issue in the sensitivity. Different from BPA and 4,4'-BPF, which have two para-OH groups, 2,2'-BPF has two ortho-OH groups. The two ortho-OH groups at the side not only enhanced the hydrogen bond strength of 2,2'-BPF with polar solvents but also hindered its interaction with the hydrophobic inner wall of the helical APS moiety, thus reducing the complexation with the APS and inhibiting the fluorescence recovery [59]. The fluorescence response to the concentration of BPA exhibited an exponential factor (0.19) that was 1.7-6.3 times higher than those for the other EDCs (0.03-0.11). The selectivity toward BPA to the other EDC systems was comparable to the BPA selectivity determined in MIPs-, aptamers-, and DNA-based systems, as shown in section 4.5 (Table 3).

Sensing Performance of APS-QDs in Various Aqueous Solutions

Ions are commonly present in natural waters and would interfere with the binding of BPA molecules to APS-QDs, affecting the performance of the sensing system. In order to assess this interference and determine the optimal ionic strength that enhances sensitivity through salting effects, the probe's sensitivity to BPA (1.0×10 2 μg/L) in the presence of NaCl was examined, as shown in Figure 45 and Table 6. The sensitivity of APS-QDs (F/F0) remained unaffected by NaCl concentrations below 100 mM, despite the Na + and Cl -ion concentrations being five orders of magnitude higher than the BPA concentration (1.0×10 2 μg/L). At 100 mM NaCl, the sensitivity increased significantly by 2.8 times but decreased again at higher concentrations. This change in sensitivity by salt addition was verified from the altered F0 values. The addition of 5.0 mM NaCl increased the F0 value of APS-QDs by 2.5 times due to the ionization of APS moieties with Na + ions, resulting in the swelling of APS-QDs aggregates [60]. The swollen aggregates facilitated the complexation of BPA. However, this increase in the F0 value compensated for the benefit of sensitivity (F/F0). The enhancement in F0 value gradually diminished with increasing NaCl concentration as the salting-out effect promoted by the higher salt concentration suppressed the swelling of APS-QDs aggregates [60;61]. When the NaCl concentration reached 100 mM, the balanced swelling and compression of APS moieties restored the F0 value to the level observed without salt. Under these conditions, the salting-promoted partitioning of BPA into APS moieties effectively improved sensitivity. Above 100 mM, the excessively high ionic strength strongly compressed APS-QDs, hindering BPA migration and causing fluorescence quenching. Compared to NaCl, NaH2PO4 had a less pronounced effect on sensitivity due to the lower charge density of the large-sized H2PO4 -anions compared to Cl -ions, which suppressed solvation [60]. The small size of APS-QDs aggregates and the high F0 value (324) at 100 mM NaH2PO4 reflected this mild effect. Table 6. The BPA sensitivity in different concentrations of NaCl and 100 mM of NaH2PO4.

Salts (cons.) Sensitivity (F/F0)

Without salts (Pure DI water) 100 mM NaCl was utilized to enhance the sensitivity by salting effect for detecting trace amounts of BPA. Figure 46 presents the probe's response to different concentrations of BPA in salted waters.

Compared with the BPA detection in pure water (Figure 42a), the detectable concentration effectively lowered by two orders of magnitude from 5.0×10 1 to 1.0×10 -1 μg/L with the addition of 100 mM NaCl. The calibration curve for concentrations below 1.0×10 2 μg/L was expressed in Figure 46b, and the limit of detection (LOD) was 3.0×10 -2 μg/L. Moreover, the parameters obtained in the salted system presented in The sensing performance of APS-QDs for detecting BPA in tap and drinking waters was also evaluated in the presence of 100 mM NaCl.

Compared with the sensitivity in deionized water ( When compared to the HPLC-PDA analysis conducted in this study (dynamic range: 2.0×10 2 -1.0×10 5 μg/L; LOD: 1.9×10 2 μg/L), as well as other HPLC methods for BPA determination (Table 8), the APS-QDs probe demonstrated a broader dynamic range and a lower LOD value. 

SUMMARY

Developing a BPA reception material with high affinity is crucial for constructing highly sensitive and selective probes. Additionally, the accessibility of binding sites affects the BPA migration, thereby influencing the sensitivity and response time of the sensor system. In contrast to highly cross-linked molecularly imprinted polymers (MIPs), linear polymers facilitate the diffusion of BPA.

Amylose, a natural linear polymer, was employed as a receptor for BPA binding in this study. To effectively bind with BPA, phenyl groups were incorporated onto the glucose units of amylose. The phenyl functionalization of amylose was confirmed through FTIR and NMR analysis. Furthermore, the formation of inclusion complexes between the phenylated amylose (APS) and BPA was validated, along with the selective inclusion complexation of BPA compared to phenol, as demonstrated by the iodine test.

The aptamer-mimetic fluorescent probe was further prepared by coupling APS onto CdSe QDs. After the combination, the QDs were aggregated and emitted low fluorescence due to the intertwining of amyloses through hydrogen bonding and hydrophobic interactions. The phenyl modification of APS enabled it to encapsulate BPA, forming an inclusion complex within its hydrophobic helical cavity. As a result, the intertwined amyloses were released upon introduction of BPA into the APS-QDs system, leading to exponential fluorescence recovery. The APS-QDs system exhibited a dynamic concentration range (1.0×10 -1 -1.0×10 5 μg/L), a low limit of detection (3.0×10 -2 μg/L in DI water, 8.0×10 -2 μg/L in tap water, and 7.0×10 -2 μg/L in drinking water), and a short response time (5.0 min). Moreover, due to the phenyl modification, APS demonstrated superior sensitivity towards BPA compared to other endocrine-disrupting compounds (EDCs) and analogs. The specific inclusion complexation also contributed to high recovery in analysis (95-103%) of BPA with low relative variation (RSD=1.1-2.3%) in the low concentration range (0.10-1.0 μg/L), independent of matrix effects in drinking and tap waters.

AN INGENIOUS COPOLYMER/QUANTUM-DOTS FLUORESCENT MICROGELS SENSOR

ABSTRACT

In this study, a fluorescent microgel for BPA detection has been successfully prepared by crosslinking linear poly(styrene-co-glycidyl methacrylate) with L-cysteine capped CdSe quantum dots (QDs), as shown in Figure 47. The microgel contained specific binding sites created by the covalent grafting of the copolymer onto the QDs via the GMA units, allowing for selective trapping of BPA molecules through π-π and hydrogen bond interactions with phenyl, carboxylic, and amine groups. After binding, electron transfer from the QDs to the analyte quenched the fluorescence at a wavelength of 547 nm when excited at 400 nm. The rational compositional and structural design allows the microgel to accurately detect BPA concentrations over a wide dynamic range of 1.0×10 -1 -1.0×10 5 μg/L with a low detection limit (7.0×10 -2 -8.0×10 -2 μg/L) in DI, drinking, and tap waters within just 2.0 min. On top of that, the sensitivity for BPA detection was 2.0-4.6 times higher than the other 3 structural analogues, even molecular imprinting was not involved. The influence of the STY/GMA compositions in the copolymers and environmental conditions, including pH and ionic strength, on the sensing performance was determined. Moreover, the sensing mechanism and the selectivity with respect to the molecular features were elucidated. 

INTRODUCTION

Bisphenol A (BPA) has been used as an additive in the plastic industry to enhance the hardness, thermal stability, and transparency of polymers, especially polycarbonate and epoxy resins [1]. Because plastics are lightweight and durable, they have been widely used to make food containers, water bottles, linings of cans, and optical lenses for years. Although BPA is an excellent material in chemical manufacturing, it is suspected of interfering hormone system of the human body to induce various diseases [1]. Humans could intake this compound from water if the water is contained in BPA-containing bottles [2]. Besides, BPA at a sub-ppb level is also measured in tap waters [3]. To control the risk of human exposure to BPA from drinking water, developing a simple and efficient sensing system is essential.

Quantum-dot-based fluorescent probes have been demonstrated as a potential sensing element for BPA detection because of their high sensitivity, simplicity, and cost-effectiveness [4]. The fluorescent probes respond to the stimulus of analytes in terms of fluorescence enhancement or quenching via electron/energy transfer or formation of new species [5]. Several strategies that either directly or indirectly (turn-on, turn-off, on-off-on, off-on-off, and Förster resonance energy transfer, FRET) induce the enhancement or quenching have been developed for analyte sensing [4; 6-8]. Among the strategies, direct quenching resulting from the electron transfer between the probe and the analyte is the most straightforward approach [9]. The critical factor determining the sensitivity of the direct-quenching-based sensing is the binding capacity and the affinity of the probe to the analyte. In order to promote the binding ability, various ligands have been introduced onto the surface of quantum dots (QDs) [10; 11].

Capping agents are essential chemicals used during the formation of QDs to control the size and maintain their mono-dispersity. When the QDs are used for sensing, the capping agent determines the miscibility of the probe in the detection media and the ability to bind to the analyte. Chitosan-capped ZnS QDs have been fabricated by Cao et al. for BPA detection. The fluorescence of the ZnS QDs was quenched in 4.0 min when the analyte was bound by the chitosan with hydrogen bonds, and the sensitivity was over a wide concentration range from 0.50 to 300 μg/L with a low limit of detection (LOD) of 0.08 μg/L [10]. Kadam et al. functionalized ZnO QDs with β-cyclodextrin (β-CD) and allowed the β-CD to capture BPA molecules via the formation of noncovalent inclusion complexes [11]. The binding quenched the fluorescence in 2.0 min, and the detection range was over 2.0-10 mM (0.46-2.28 mg/L) with a LOD of 0.19 mM (43.4 mg/L). Apart from biomolecules, artificial polymers are also synthesized as alternative binding elements to exhibit high flexibility in functional-group, structural, and physicochemical-property tailoring for high and specific target binding [12]. Recently, molecularly imprinted polymers (MIPs) have been the most adopted binding elements for fluorescent sensing [12]. These polymers are fabricated by taking target molecules as the template to create imprinted cavities with complementary size, shape, and stereo-chemical features to the template within the polymeric matrix. Like the interaction between the enzyme and substrate, MIPs selectively rebind the target based on molecular features. Kim et al. incorporated CdSe QDs in a BPA-imprinted SiO2 matrix by a sol-gel approach and found that the quenching constant of the probe for BPA detection was 10 times higher than those for sensing of 4,4'-bisphenol, diethylstilbestrol, and hydroquinone [4]. Following the concept, various fluorescent probes, including carbon dots and Au nanoclusters, have also been incorporated in BPA-imprinted SiO2 substrates [13; 14]. Despite superior response to the target, slow mass transfer within the rigid imprinted matrix caused a long equilibrium time (250 min) [4]. Moreover, the separation of the QDs from the binding sites in the matrix resulted in high LODs (16-43.9 mg/L) [13][14][15]. Relative to crosslinked imprinted polymers, linear polymers are more favorable for mass transfer to enable quick and sensitive detection [10; 16]. However, polymers designed for fluorescent sensing of BPA were less addressed, presumably due to multiple challenges in achieving comprehensively effective and selective interactions at the QDs-reception compoundanalyte interfaces.

In this study, CdSe QDs were selected as the probe, and they were modified with linear poly(styrene-co-glycidyl methacrylate)(poly (STYco-GMA)) by a "graft-to" approach. The poly (STY-co-GMA) with different STY/GMA molar ratios was prepared by Cu(0)-mediated reversible deactivation radical polymerization (Cu(0)-mediated RDRP) to control the regularity [17]. To anchor the copolymer onto the QDs surface covalently, the QDs were introduced with L-cysteine, which served as a coupling agent, through ligand exchange in advance. The aromatic groups on the copolymer and the carboxylic groups of the Lcysteine on the surface QDs bound BPA molecules via π-π and hydrogen bond interactions effectively and selectively (Figure 48). The properties of the copolymers, QDs, and microgels were thoroughly characterized to validate the design of the probe. The fluorescence quenching of the microgel in response to BPA and the other five structural analogues, including phenol, E2, pyrene, 2,2'-BPF, and 4,4'-BPF, were examined to assess the sensitivity and selectivity. In addition, the sensitivity in actual samples, including tap water, drinking water, and milk, was determined to evaluate the matrix effect and applicability of the probe. The copolymer was prepared via Cu(0)-mediated RDRP method. Tris(2pyridylmethyl)amine (TPMA, TCI, 98%) of 0.04 mmol was mixed with 0.01 mmol of copper(II) bromide (CuBr2, Sigma-Aldrich, 99%) in 1500 µl of dimethylformamide (DMF, J.T. Backer, 99%) in a 5-mL glass tube and then purged with N2 gas for 15 min. Degassed comonomers (STY and GMA) with different molar fractions were added into the reaction tube, followed by adding a 2 cm copper wire (Alfa Aesar, 99%, d= 1.0 mm, density ≈ 7.02 g/m2). After another N2 purge of 15 min, 10 µl (0.1 mmol) of the initiator, Ethyl α-bromoisobutyrate (eBiB, Sigma-Aldrich, 99%), was introduced into the tube. The mixture was reacted in a preheated oil bath at 60°C for 18h. The product was precipitated in cold methanol at the end of the reaction and then harvested by centrifugation. The (STY+GMA)/eBiB/TPMA/CuBr2 molar ratio was controlled at 100/1/0.4/0.1. Copolymers composed of different fractional compositions of STY and GMA were named by S and G, with the number representing their molar percentages. The copolymers containing methyl methacrylate (MMA), including poly(MMA-co-GMA) and poly(SSTY-co-MMA), were prepared in the same manner.

Preparation of CdSe Nanocrystals

Selenium (Se) solution was prepared by dissolving 36 mg of Se powder (Sigma-Aldrich, 99%) in a solution containing 0.48 mL of trioctylphosphine (TOP, Alfa, 97%) and 6.0 mL of 1-octadecene (Alfa, 90%). The Se solution was heated to 150°C for 30 min with N2 purging and then cooled to room temperature. Another Cd precursor was prepared by adding CdO (Sigma-Aldrich, 99%) and 0.6 mL of oleic acid (Sigma-Aldrich, 90%) into 10 mL of 1-octadecene. The Cd solution was purged with N2 gas and then heated at 225°C for 20 min. After that, 1.0 mL of the Se solution was injected quickly into the hot Cd solution to form CdSe nanocrystals for 1.5 min. After cooling, the CdSe QDs were precipitated and washed with acetone several times. The collected CdSe QDs were re-dispersed and stored in toluene (J.T. Backer, 90%).

Ligand Exchange of CdSe QDs with L-cysteine

For ligand exchange, the CdSe QDs were precipitated from the toluene and washed with acetone. After adding 5 mg of CdSe QDs in 6.0 mL of chloroform (J.T. Backer, 95%), 3.0 mL of ethylenediamine (EDA, Alfa, 95%) was added into the suspension under vigorous stirring for 30 min. Besides, 91 mg of L-cysteine (Lcys, Sigma-Aldrich, 98%) was dissolved in deionized water. The Lcys aqueous solution was added to the CdSe QDs and EDA mixture and reacted for another 1 hr. Two separate phases were clearly observed in the system, and the colored aqueous phase was transferred to another tube. In order to precipitate the Lcyscapped QDs from the aqueous phase, methanol (J.T. Backer, 90%) and hexane (Sigma-Aldrich, 90%) were added into the aqueous solution, followed by centrifugation. After removing the supernatant, the QDs were washed with the methanol/hexane solution a couple of times. The collected Lcys-capped QDs were re-dispersed in DMF for further usage.

6.3.5 Grafting the Poly(STY-co-GMA) onto the Lcys-capped QDs

The Lcys-capped QDs of 5.0 mg were added to 15 mL of DMF with 5.0 mg of SG copolymer. The mixture was heated at 60°C under N2 with vigorous stirring. The composite was collected in different reaction times (1 hr, 3 hr, 5 hr, and 8 hr) by centrifugation after adding methanol. Other QDs composites were prepared following the same procedures, and the reaction time was fixed at 5.0 hr.

Characterizations

Functional groups of SG copolymer, QDs, and S40G60-QDs were characterized using an FT-IR spectrometer (Nicolet iS10, Thermo) with a transmittance mode. 1 H and DOSY NMR studies were carried out with a VARIAN VNMRS-600NMR (600 MHz) spectrometer. For the NMR characterization, SG copolymer was dissolved in chloroform-d. The morphology of QDs was imaged using a transmission electron microscope (TEM, JOEL JEM-2100F) operated at 150 kV. Samples for TEM characterizations were prepared by dropping the QDs solution on a 300-mesh copper grid coated by carbon films without staining. The size distribution of SG copolymer, QDs, and SG-QDs composite were measured in DMF by dynamic light scattering (DLS, Zetasizer Nano ZS90, Malvern) at 25°C and a detector angle of 90°. Absorption spectra of the QDs were acquired with a UV-vis spectrometer (HITACHI 3010) scanning from 400 to 700 nm. Emission spectra were recorded using a fluorescence spectrophotometer (Hitachi F-4500) at the excitation wavelength of 400 nm.

Sensing Test

The sensing performance of the fluorescent probe for BPA detection was carried out by adding 0.1 mL of BPA aqueous solution into 0.9 mL of SG-QDs/DMF solution (1.0 g/L). The fluorescence intensity was recorded after 5.0 min incubation, and the fluorescence spectrum of the probe was measured with an excitation at 400 nm. The fluorescence intensity of the SG-QDs in the DI-water/DMF solution without BPA was denoted as F0, while the fluorescence intensities in the presence of different concentrations of BPA were measured as F.

The quenching extent was calculated as F0/F-1. The sensing ability for three additional phenolic EDC analogues, including phenol (Sigma-Aldrich, 99%), 2,2'-BPF (Tokyo Chemical Industry, 99%), 4,4'-BPF (Alfa Aesar, 98%), was determined under the same conditions to evaluate the selectivity. The optimal pH window for sensing was determined by adjusting the pHs of SG-QDs/DMF or BPA aqueous solutions using HCl and NaOH. The salting effect on the sensing ability was examined by introducing different amounts of NaCl (Sigma-Aldrich, 99.5%) into the system. The optimal conditions were further applied to the sensing in the actual samples, including tap water, drinking water, and milk. To facilitate the sensing in tap water and drinking water samples, the colloids in these samples were filtered using nylon syringe filters (Sterlitech, 0.45 Micron, 25mm). For the milk sample purchased from a local market, a protein removal method reported by Yang et al. [18] was employed. Five milliliters of milk were mixed with 10% trichloroacetic acid (5.0 mL, Alfa Aesar, 99%) and chloroform (5.0 mL, J.T. Baker, 95%). After vortex mixing, the organic matter was precipitated by centrifugation at 10,000 rpm for 30 min. The supernatant was then further filtered using a nylon syringe filter. Calibration standards were prepared by adding known amounts of BPA to the pretreated samples, followed by dilution with the same matrix to achieve the desired concentrations. Based on the SML of BPA from plastic food contact materials (0.05 mg/Kg  50 μg/L), set by the European Union in 2018 (Regulation No 10/2011), the spiked concentrations were in the range of 1.0×10 -1 -1.0 ×10 4 μg/L. All measurements were repeated at least three times to validate precision (n 3). The limit of detection (LOD) was estimated as three times the standard deviation of the lowest concentration (n= 7).

Determination of BPA by HPLC-PDA

The sensing results obtained with the fluorescent probe were compared with measurements obtained using high-performance liquid chromatography (HPLC, Waters Alliance e2695) equipped with a photodiode array detector (PDA, Waters 2996) to ensure accuracy. Known amounts of BPA were spiked into the actual samples. After pretreatments, the samples were divided into two portions. One portion was analyzed using the fluorescent probe, while the other portion was analyzed using the HPLC-PDA method. For the HPLC analysis, 10 L of the pretreated samples were injected into the HPLC system and eluted with a mobile phase composed of 50% acetonitrile (J.T. Baker, 98%) and 50% deionized water (v/v) at a flow rate of 1.0 mL/min. The elution was performed on a C18 column (Thermo Hypersil BDS, 4.6 mm × 250 mm × 5 μm). The concentration of BPA was determined based on the absorbance at 277 nm. Since the original BPA concentrations in the actual samples were lower than the detection limits of the probe, those samples were treated as blank samples. The recoveries (R%) of the analysis were calculated using the following equation: R(%) = (measured concentration /spiked concentration)×100%

RESULTS AND DISCUSSION

6.4.1 Characterization of the CdSe QDs Capped with Different Molecules Figure 49 and Figure 50 show FT-IR spectra, TEM images, UV-vis, and fluorescence spectra of the CdSe QDs obtained from different preparation stages. In the IR spectra (Figure 49a), the pristine CdSe QDs showed a -COO stretching peak at 1463 cm -1 and two -CH2 stretching peaks at 2954 (asymmetric) and 2852 cm -1 (symmetric) of the capped oleic acid [19]. After ligand exchange with Lcys, while the characteristic peaks of the oleic acid dramatically decreased, another -COO stretching mode at 1566 (asymmetric) and 1323 cm -1 (symmetric) appeared. In addition, N-H stretching and bending modes of the -NH 3+ group at 3353 and 1484 cm -1 , respectively, were detected [20][21][22]. These features indicated that the oleic acid ligands were replaced with Lcys [23]. Moreover, the Lcys bonded to the QDs with its -SH and -COOH groups because the S-H stretching peak in the region of 2500-2750 cm -1 disappeared and the -COO group red-shifted from 1641 cm - 1 to 1566 cm -1 [24; 25].

The spectrum of S40G60 copolymer contained the aromatic C-H stretching at 3058 cm -1 , the -CH2 asymmetrical and symmetrical stretching respectively at 2987 and 2931 cm -1 , the C=O vibration at 1722 cm -1 , the C=C stretching of aromatic rings at 1601 and 1448 cm - 1 , the -O-C-C stretching at 1126 cm -1 , and the C-H bending of the aromatic ring at 701 cm -1 [26]. These peaks revealed the successful polymerization between the styrene and GMA in the S40G60 copolymer [26]. The C-O asymmetric stretching vibration of the epoxy ring was at 905 cm -1 [27].

After grafting the S40G60 to the Lcys-capped QDs, the characteristic epoxy peak (905 cm -1 ) significantly decreased, and a broad -OH stretching peak appeared in 3100 -3700 cm -1 . Besides, a small peak ascribing to the -NH2 group of the Lcys at 1660 cm -1 was found. Because the -NH2 peak decreased with increasing reaction time (Figure 49b), the SG polymer would covalently bond to the Lcys via the interaction between the epoxy rings and the amino functional groups, which opened the epoxy ring and transformed the secondary amine into the primary amine at the same time. Detailed peak assignment is summarized in Appendix A, Table A2. The pristine CdSe QDs (capped with oleic acid) were spherical and had a size of ca. 4.5 nm from TEM (Figure 50a). After exchanging the ligand with Lcys, the size of the Lcys-capped QDs decreased to 3.9 nm, and aggregation of the nanocrystals resulted due to the small length of the Lcys (Figure 50b). The size distribution via DLS demonstrates a similar change shown in Figure 50e. The UV-Vis absorption edge of the Lcyscapped QDs was at 542 nm (Figure 50c). Compared to the pristine QDs (544 nm), the edge of the Lcys-capped QDs slightly blue-shifted, which was consistent with the reduced particle size [28]. Despite the increased bandgap, the fluorescent intensity of the QDs decreased enormously in the Lcys-capped QDs and the emission peak red-shifted from 540 to 543 nm with the ligand exchange (Figure 50d). This change in the electronic and optical properties arose from the hole-trapping by the thio-and carboxylic-bonded Lcys molecules [29]. The size of QDs remained similar after coupling the S40G60 reception polymer but cross-linking between the QDs with the copolymer caused the aggregation to be more severe in TEM image (Figure 51a). The S40G60-QDs aggregates exhibited a size of 97.6 nm (Figure 50e). The UV-Vis absorption of the S40G60-QDs composite edged at 546 nm (Figure 51b), and the fluorescent emission centered at 547 nm (Figure 51c). In comparison with the Lcys-QDs, both the absorption edge and the fluorescence peak of the S40G60-QDs slightly red-shifted. In addition, the full width at half-maximum (FWHM) of the fluorescence peak increased. Such phenomena were attributed to the formation of surface defects by dissociation of the -COO -groups when the Lcys coupled with the SG copolymer and/or the change in the surrounding refractive index after loading the copolymer to the surface [30; 31]. The quantum yields (QY) of the QDs were obtained using the Williams' method that employed Rhodamine 6G (Rh6G) as a standard [32]. The QY of Rh6G in ethanol with an excitation at 560 nm was 95%. Based on the QY of the standard dye, the corresponding QY of samples with an excitation at 400 nm was derived with the following equation:

φ sam = (I Rh6G I sam ⁄ )(A sam A Rh6G ⁄ )(η sam η Rh6G ⁄ )2φ Rh6G
where φ is the quantum yield, A is the absorbance, I is the integrated fluorescence area, and η is the solvent refractive index. The QY of the pristine QDs, Lcys-capped QDs, and S40G60-QDs were 71%, 15%, and 14%, respectively. The appropriate QY for the fluorescence-based sensors is at least 10% [33], so the S40G60-QDs were applicable as a fluorescent probe for BPA detection.

Optimization of Sensing Conditions

In order to minimize the influence of aggregation and to expose the designed binding sites, the S40G60-QDs were dispersed in DMF.

Figure 52 shows the sensitivity of the S40G60-QDs prepared using different coupling times and different S40G60-to-QDs weight ratios. The fluorescence of the Lcys-QDs initially emitted high intensity (685).

After coupling with the S40G60 copolymer for 1.0 hr, the initial fluorescence intensity (F0) was significantly reduced to 333. The decreased fluorescence was due to the loss of uncoupled QDs and aggregation of the QDs within the tangled polymer. Increasing the coupling time enhanced the coupling extent between the QDs and the p-GMA segments of the copolymers. It preserved more QDs and separated them within the microgels, thus recovering the fluorescence intensity. The fluorescence of the S40G60-QDs was quenched by BPA adsorption. The quenching extent 𝐹 0 𝐹 ⁄ -1 (Equation 5) increased with the coupling time and reached the highest value (1.2) at 5.0 hr. Although a higher coupling extent was achieved at 8.0 hr, a compact copolymer-QDs structure inhibited the mass transfer, decreasing the sensitivity. In the following experiment, SG-QDs were prepared using the coupling time of 5.0 hr. The quality of the S40G60-QDs was also tuned by adjusting the S40G60-to-QDs weight ratio. The optimal S40G60-to-QDs weight ratio for the highest fluorescence quenching was 1: 1 (Figure 52b). Higher than this ratio, the limited quantity of the QDs within the gel decreased both the initial fluorescence (F0, 327) and the sensitivity. On the other hand, insufficient coupling at a low copolymer concentration (0.5:1) led to an aggregation of the QDs within the microgel, causing both low F0 and sensitivity. To determine the pH working window and realize the influence of pH on the sensing ability, the pHs of the S40G60-QDs/DMF solution and the BPA aqueous solution were adjusted separately for sensing (Figure 53). When adjusting the pHs of the S40G60-QDs/DMF solution, high fluorescence quenching occurred in the pH range of 7.0-9.0, and the quenching extent decreased above pH 10.0 and below pH 6.0. No quenching was found when the pH was below 4.0. The S40G60-QDs contained a low negative charge (-0.015 mV) on the surface at a neutral condition. The diminished sensing ability in the acidic condition arose from the protonation of both the Lcys and the copolymer, which further decreased the negative charge to inhibit BPA adsorption. At a pH below 4.0, strong protonation even caused the dissociation of the Lcys from the QDs surface, leading to severe agglomeration of the QDs and termination of the sensing ability [34]. The slightly declined sensitivity above pH 10 resulted from the deprotonation of BPA molecules when the pH was higher than its pKa of 9.7 [35]. A similar trend in sensitivity was also observed when adjusting the pH of the BPA aqueous solution. However, the influence was mild because the BPA aqueous solution only contributed 1/10 of the volume in the system. The pH range of surface and portable water is 6.0-9.0 [36].

According to the decent sensitivity across the pH 5.0-13.0 in the aqueous phase, the sensing system is applicable to the detection of BPA in surface water and portable water without additional pH adjustment. Under the neutral condition, the S40G60-QDs could reach an equilibrium sensing merely in 2 min (Figure 53b). Compared with MIP-based systems [12], the loosely cross-linked gel indeed facilitated the mass transfer to enable the fast response.

Influence of Copolymer Composition on Sensing

GMA and STY were the two units in the copolymer used for coupling the copolymer to the QDs with a ring-opening reaction and binding BPA with non-covalent π-π interaction, respectively. In order to obtain the optimal composition for the highest sensitivity, the copolymers prepared with different styrene-to-GMA molar ratios were coupled with the Lcys-capped QDs. The copolymers prepared with different styrene-to-GMA molar ratios were first characterized with FT-IR (Figure 54a). In addition, a semi-quantification was conducted to evaluate the dependence between the measured and the added amounts by calculating the relative intensity of the peaks at 701 and 905 cm -1 (I701/I905), which were the characteristic signals of the aromatic ring in the styrene moiety and the epoxy ring of the GMA moiety, respectively. A linear dependence with a high correlation between the I701/I905 and the feeding styrene/GMA molar ratio (R 2 = 0.99) validated that the compositions of the polymer could be controlled with the Cu(0)-mediated RDRP method (Figure 54b). According to the reactivity of styrene (rS = 0.42) and GMA (rG = 0.73) from Brar et al. [37], a fact that signifies STY and GMA were compatible in copolymerization and formed random copolymer via ATRP preparation. From the 1 H NMR spectra, the conversions of STY and GMA, and the prepared SG copolymers' composition and number average molecular weight (Mn) were further verified and listed in Table 10. Because of the high conversions for STY and GMA in all SG copolymers, the final S/G molar compositions (18/82, 32/68, 49/51, 64/36, and 76/24) were close to the feeding mole ratios (10/90, 25/75, 40/60, 55/45, 70/30). In order to evaluate the composition regularity of SG copolymers, diffusion order NMR spectroscopy (DOSY) was used, and the results were presented in terms of their diffusion coefficient (D) (Appendix A, Figure A2) [38]. According to the identical diffusion coefficients in each sample, a high regularity of the copolymers without polymer blends was successfully obtained in each compositional system with the Cu(0)-mediated RDRP method.

S40M60-QDs emitted a low fluorescence. Accordingly, GMA was the active moiety responsible for coupling the QDs. The larger colloidal size of the M40G60-QDs than that of the S40M60-QDs also supported the deduction. In order to evaluate the following BPA diffusion, the colloidal sizes of the SG-QDs composites were also measured (Figure 56). In contrast to the trend of the fluorescence changes, the S40G60-QDs exhibited the smallest size (98 nm), and the colloidal size increased with increasing and decreasing the styrene contents. This phenomenon indicated that over-high amounts of phenyl groups or epoxy rings promoted aggregation because of multiple π-π interactions or QDs-couplings.

After the adsorption of BPA molecules, cross-linking of the phenyl groups by the BPA molecules through the π-π interaction shrank the size of the GMA-dominant copolymer-QDs (S10G90 and S25G75) colloids. On the other hand, the insertion of BPA molecules in the styrene-dominant copolymer-QDs (S55G45 and S70G30) swelled the colloids. Similar phenomena were found in the simple copolymers (Appendix A, Figure A4). The fluorescence changes (F/F0-1) upon the BPA concentrations in the different SG-QDs systems were all linearly dependent but exhibited positive and negative slopes (Figure 57). While the fluorescence quenching in the GMA-dominant systems (S10G90-QDs, S25G75-QDs, and S40G60-QDs) showed a positive slope, the negative slope occurring in the styrene-dominant systems (S55G45-QDs and S70G30-QDs) indicated the fluorescence recover. These two phenomena corresponded to the shrunk and swollen SG-QDs colloidal sizes in Figure 56, resulting from the BPA captures. The S40G60-QDs, which contained the smallest colloidal size and had little change in the size after the BPA interaction, resulted in the highest slope over the SG-QDs systems. In contrast, the M40G60-QDs and S40-M60-QDs were insensitive to the BPA concentrations. Even though the M40G60-QDs emitted a high fluorescence (F0, Figure 55), its slope was close to that of the S40-M60-QDs. This result confirmed our hypothesis that the styrene moiety dominated the BPA capture by the π-π interactions. Apparently, a significant decrement in the fluorescence could be induced with 1.0×10 2 μg/L BPA solution, and the linear dependence of the F0/F-1 against the BPA concentrations could be over 1.0×10 2 -1.0×10 5 μg/L (Figure 58). Since the linear dependence (F0/F-1=0.009

[BPA]+0.109, R 2 =0.978) appeared with an intercept of 0.11 (inset in Figure 58), which did not follow the classical Stern-Volmer relationship, 𝐹 𝐹 0 ⁄ -1 = 𝐾 𝑆𝑉 [𝐵𝑃𝐴] (Equation 6)

an encounter complex would be formed and involved in the quenching [40]. The unchanged fluorescence wavelength (547 nm, Figure 58) at different BPA concentrations and similar UV-vis absorption curves (Figure 59a) of the S40G60-QDs before and after BPA binding indicated that the electron configuration of S40G60-QDs was unmodified after interacting with BPA. Moreover, the difference between the BPA adsorption peak (278 nm) and the fluorescence wavelength of the QDs (547 nm) implied that the fluorescence emission of QDs would not be adsorbed and affected by BPA molecules. These phenomena signified that BPA molecules were trapped by the S40G60 copolymer instead of directly bonding to the QDs, and the dynamic quenching mainly resulted from the charge transfer from the QDs to the BPA molecules. However, the dependences shown in Figure 59b were unclassical Stern-Volmer relationships denoting the encounter complex formation, classified in static quenching. Therefore, such quenching was achieved both statically and dynamically in the S40G60-QDs system.

In dynamic quenching, the reaction is controlled by the diffusion coefficient. Once the temperature is increased, the intraparticle diffusion rate rises because of the higher kinetic energy of molecules.

On the contrary, if the quenching is dominated by static quenching, the increased temperature unfavored the complex formation, and the constant decreases. In the S40G60-QDs system, the increased slope as the temperature increased from 303 to 323 K (from 0.009 to 0.011 L/mg) supported that dynamic quenching was the primary mechanism (Figure 59b). Conclusively, while a small part of the analyte molecules was bound close to the surface of the QDs and quenched the fluorescence statically, some were trapped in the region away from the QDs in the copolymer matrix where the intraparticle diffusion governed by the kinetics. The quenching of the Lcys-capped QDs was also conducted to explore the contribution of the electrostatic binding to the sensitivity (Figure 60). Like the S40G60-QDs system, the unchanged UV-vis absorption edges and fluorescence wavelength of the Lcys-capped QDs after interacting with BPA molecules suggested that the BPA molecules were bound by the amino or carboxylic groups of the Lcys ligand, and the fluorescence was quenched via charge transfer. A similar interaction was adopted in a chitosan-capped fluorescent probe for BPA detection [10]. However, in this study, the sensitivity of the Lcys-capped QDs for BPA detection was lower than the S40G60-QDs. Therefore, the copolymer, which comprised styrene units, was more functional for BPA binding.

The affinity toward BPA molecules was in the order of π-π interactions> weak electrostatic interactions > non-specific hydrophobic interactions. Figure 61 illustrates the sensing mechanism.

The BPA analyte is trapped by the S40G60 copolymer and then diffuses into the surface of the QDs, where the BPA is bound by both π-π interactions with the phenyl groups of the styrene and hydrogen bonds with -NH2/-COOH groups of the Lcys. The closely bonded BPA molecules enable effective electron transfer from the QDs, thus contributing to high sensitivity to the analyte.

Figure 61. Schematic for the quenching mechanism of the S40G60-QDs sensing system.

Selectivity of Fluorescent Microgel

The recognition ability of the S40G60-QDs composite was evaluated by comparing its sensitivity for BPA over other phenolic chemicals, including phenol, E2, pyrene, 2,2'-BPF, and 4,4'-BPF. Figure 62 shows the fluorescence and colloidal-size changes of the S40G60-QDs in response to interactions with BPA and the other 5 types of phenolic compounds.

While the fluorescence was attenuated by BPA, phenol, 2,2'-BPF, and 4,4'-BPF, pyrene and E2 recovered the intensity. The two different effects were associated with molecular size and geometry. In comparison with BPA (1.1 nm), larger-sized E2 (2.1 nm) and pyrene (1.7 nm) were more challenged in diffusion within the cross-linked S40G60-QDs matrix [41][42][43]. When they were captured by the microgel, rather than diffusion toward the QDs, they were trapped in the loosely crosslinked region where they expanded the distance between the QDs within the microgels. The increased colloidal sizes from 60 to 152 nm after interaction with E2 reflected the swollen matrix (Figure 62c). With the increased separation between the QDs, the self-quenching was reduced, and the fluorescence recovered.

In contrast to the larger-sized analytes, linear and smaller molecules, including BPA, phenol, 2,2'-BPF, and 4,4'-BPF, did not significantly alter the colloidal sizes with their interactions. A correlation between the sensitivity and the intercepts of the linear dependences was found (Table 11). The sensitivity of the S40G60-QDs to the analytes was in the order of BPA > 2,2'-BPF > 4,4'-BPF > phenol. [44; 45], phenol was the most hydrophilic one and would experience the lowest driving force for the diffusion within the S40G60-QDs microgels even though it had the smallest molecular size (0.75 nm) [46]. On the other hand, the most hydrophobic BPA molecules were more accessible to diffuse within the microgels, thus, were more capable of reaching the QDs surface to quench the fluorescence effectively. For 2,2'-BPF and 4,4'-BPF, which had similar Kow values, the different charges on their oxygen atoms would govern their affinity to the QDs and the following charge transfer efficiency. 

Sensing Performance of Fluorescent Microgel

The sensitivity of the S40G60-QDs probe for BPA detection was further promoted by introducing NaCl into the system to induce a "saltingout" effect [48]. Figure 63 and Table 12 show the effect of NaCl concentrations on the fluorescence and sensitivity of the S40G60-QDs probe. The NaCl slightly decreased the initial fluorescence (F0) with its increasing concentrations until 100 mM (Figure 63a). When the concentration was 200 mM, a significant decline in the F0, due to the promoted self-quenching in the shrunk S40G60-QDs microgel caused by the salting-out effect, was observed (Figure 63b). The increased ionic activity not only shrank the microgels but also promoted BPA molecules to partition into the microgels, thus enhancing the probe's sensitivity to the analyte. The fluorescence quenching extent (F/F0-1) was intensified with the increasing NaCl concentration and reached the maximum at 100 mM (Table 12). Above this concentration, severely shrunk microgels hindered the BPA diffusion within the matrix, thus reducing the sensitivity of the probe. this concentration, the calibration curve was described as an exponential curve presented in Figure 64b. Above 1.0×10 2 μg/L, a linear dependency was observed (Figure 64c). The descending curve in the low concentration range (< 1.0×10 2 μg/L) indicated the Freundlich adsorption fitting that the heterogenous binding sites, where some QDs within the microgels were not bound by the trapped BPA molecules [49]. The LOD, estimated from the 3 times the standard deviation of the signals for the lowest detectable concentration, was 0.07 μg/L.

The same approach and conditions were applied to detect BPA in drinking water, tap water, and milk samples after suitable pretreatment. Similar to sensing in DI water, both exponential and linear dependencies were observed in the field water samples, and the turning point between the two dependencies remained at 1.0×10 2 μg/L (Figure 65). However, due to the matrix effect hindering BPA partitioning, the quenching factors were lower in the field waters. Despite this effect, the probe was still capable of detecting BPA as low as 1.0×10 -1 μg/L, with a LOD of 8.0×10 -2 μg/L in drinking and tap waters. However, the probe's sensing ability was significantly hindered in milk samples due to the incomplete removal of colloids, leading to light shielding. Consequently, the lowest detectable concentration increased to 5.0×10 1 μg/L (Figure 65g), with a LOD of 2.1×10 1 μg/L. The imperfect sensing performance implied the probe's limitation in BPA detection for matrices containing chromophoric and/or large organic substances. To verify the accuracy of the sensing, the detection results obtained using the fluorescence probe were compared with those measured using HPLC-PDA. Table 13 presents the spiked concentrations of BPA in drinking water, tap water, and milk samples, along with the measured concentrations using the fluorescence probe and HPLC-PDA. It also includes the recoveries (R%) and corresponding relative standard deviations (RSDs). The recoveries determined by the S40G60-QDs in the three samples ranged from 98.0% to 102.3%, with RSDs of 1.4-4.6%. These results were comparable to the standard HPLC-PDA method (R%=99.1-100.5% with RSDs of 0.7-1.3%), confirming the accuracy, precision, and applicability of the S40G60-QDs detection in complex matrices. 

SUMMARY

In this study, SC copolymer-based sensing systems combined with CdSe QDs to achieve high sensitivity, selectivity, and fast response for the detection of BPA. The success of these sensing systems lay in their ability to create cavities surrounding specific moieties, which facilitate enhanced diffusion and selective binding of BPA within fluorescent microgel.

The specific π-π stacking interaction between APS and BPA in Chapter 5 inspired the utilization of styrene (STY) in the preparation of artificial linear polymers. To attract BPA from aqueous solutions, a linear copolymer was synthesized by polymerizing styrene (STY) and glycidyl methacrylate (GMA). The STY units were designed to facilitate the π-π interaction with BPA in water, while GMA enhanced water dispersity and served as a coupling site between the SG copolymer and QDs. To investigate the influence of the two monomer units and further optimize sensitivity, SG copolymers were prepared using different STYto-GMA mole ratios. The composition and regularity of the SG copolymers prepared by the Cu(0)-mediated RDRP method were characterized using NMR and FTIR analysis in this section.

A fluorescent microgel probe was further prepared. The QDs were covalently linked to the SG copolymer through a ring-opening reaction by the epoxy groups on the GMA units. The GMA units also improved water dispersity, while the phenyl groups on the STY units facilitated the partitioning of BPA molecules through π-π and hydrophobic interactions. Once partitioned into the microgel, BPA molecules were attracted to the -NH2 and -COOH groups of the Lcys ligand, leading to their attachment to the QDs and subsequent fluorescence quenching through charge transfer. The quenching mechanism involved both static and dynamic quenching. With close binding to the QDs surface, the probe demonstrated high sensitivity (LOD = 7.0×10 -2 μg/L in DI water, 8.0×10 -2 μg/L in tap water and drinking water) due to facilitated charge transfer. Furthermore, the small size of the microgel enabled a short response time (2.0 min). The fluorescence probe exhibited higher sensitivity towards BPA compared to five other phenolic EDCs, with selectivity controlled by the hydrophobicity and molecular sizes of the analytes.

CONCLUSION AND PERSPECTIVES

BPA has been applied widely as an additive in the plastic industry but is suspected of causing diseases related to the hormone due to the estrogen-like effect. Therefore, developing an efficient sensing system provides an ideal solution for effectively controlling BPA to avoid digestion or contact hazards. In consideration of the application, this research was devoted to conceiving sensing systems with excellent sensitivity, selectivity, fast response, and cost-efficiency in potable water monitoring. Two sensitive QDs-based sensing systems have been constructed in this project for BPA detection: phenylated amylose/QDs composite and SG copolymer/QDs fluorescent microgels.

The core value of the design is the formation of specific binding sites constructed by linear polymers with their functional moieties. The affinity and selectivity of BPA increased after phenylation that enhanced hydrophobicity in amylose helical cavities; the microcavities on the surface of QDs in fluorescent microgels surrounded by benzene rings, -COOH, and -NH2 groups from SG-copolymers and L-cysteine created specific configuration spaces for BPA. Moreover, the binding sites formed by linear polymers facilitated the BPA diffusion within the less compacted structure. Besides, the sensing mechanism was based on direct charge transfer, resulting in fluorescence recovery and fluorescence quenching, respectively. These direct-sensing strategies as well as the vicinity of the binding sites and QDs enabled signal transducing from analytes to QDs to be more efficient. As a result, the ingenious concept conducted the generation of sensitive, selective, and affordable sensing probes with rapid response to BPA.

Table 13 summarizes these two sensors regarding their preparation, sensing strategy, and sensing performance. In the APS-QDs sensing system, the BPA affinity of amylose could be easily tuned by introducing phenyl groups onto the polysaccharide chains. The formation of inclusion complexes favored the APS to bind the target selectively based on its size, shape, hydrophobicity, and solubility. However, the sensing strategy contains multiple steps in the SG-QDs system for recovering the fluorescence; thus, the BPA response time of APS-QDs was longer than SG-QDs. In contrast to the APS-QDs sensing system, the SG-QDs fluorescent microgels exhibited a more facile sensing strategy with the microcavities containing amino, carboxylic, and phenyl groups at the interfaces between the QDs and the copolymer. Even though there were no imprinted sites for specific analyte binding, comprehensive hydrophobicity and microstructural control enabled the SG-QDs to perform selectivity for BPA sensing. Nevertheless, the inefficient BPA trapped on microgels and unselective binding with interfering substances from matrices resulted in a higher LOD than APS-QDs. 

Sensing Strategy

Self-quenching of APS-QDs /Fluorescence recovery via the release of intertwined APS-QDs by BPA-specific binding in SG-QDs microgel /Quenching by electron transfer from QDs to BPA Compared with other BPA fluorescence sensors, as mentioned in Chapter 4, these two systems exhibited a considerably wide detection range (0.1-1000.0 μg/L), low LOD (0.03 μg/L and 0.07 μg/L), and fast response time (5 min and 2 min). Furthermore, the fluorescent systems developed in this project can be directly applied to detect the analyte in the water without extraction or adding additives. Although the utilization of aptamer as the reception molecules enabled the sensitivity for the BPA detection down to an ng/L level, the sensing systems took complicated processes to manufacture and conduct the sensing. Delicate reagents and long preparation/reaction times also make such detection costly. Tailor-made MIP reception elements presented a high BPA selectivity over the BPA analogues. However, the MIP-based sensor suffered long response times (10-250 min) due to slow mass transfer in the highly crosslinked macromolecules. In addition, the inefficient charge transfers caused by the separations between the fluorescent probes and the trapping sites also challenged the sensitivity in the low concentration range (LOD = 0.36-12 μg/L).

The cavities surrounding specific moieties in both systems enabled their detection even in drinking water and tap water, in compliance with the regulations set by the EU (SML=0.05 mg/kg). These two QDs fluorescent systems possessed several advantageous features, including high sensitivity, simplicity of operation, and rapid response. As a result, they hold great promise for applications in water analysis. However, it is important to note that fluorescent sensing systems are susceptible to being interfered with by large colloids present in complex matrices due to their ability to shield light, thereby impacting excitation and emission processes. To mitigate this potential issue, the formation of BPAamylose inclusion complex or BPA insertion (1) Un système de détection aptamère-mimétique basé sur un composite amylose/QDs fonctionnalisé.

(2) Un ingénieux capteur fluorescent constitué de microgels de copolymère/QDs.

Dans le système de détection amylose/QDs fonctionnalisé, l'entrelacement de l'amylose a conduit les QDs à s'agréger initialement et à émettre une faible fluorescence. Lors de la formation de complexes d'inclusion entre l'amylose et le BPA, la fluorescence s'est rétablie en raison de la relaxation des interactions intermoléculaires. Alors que dans le capteur fluorescent de microgels de copolymère/QDs, le BPA a été attiré par les unités de styrène via une interaction π-π, ce qui a provoqué le transfert d'électrons des QDs vers le BPA, suivi d'une extinction de la fluorescence. Ces deux systèmes présentent une plage de détection considérablement étendue (0,1-1000,0 μg/L), une faible limite de détection (0,03 μg/L et 0,07 μg/L) et un temps de réponse rapide (5 min et 2 min). De plus, ces systèmes fluorescents peuvent être appliqués directement pour détecter l'analyte dans l'eau sans prétraitement. En outre, les deux systèmes ont démontré une détection sélective des composés du BPA par rapport à 5 autres produits chimiques phénoliques. Enfin, les conditions de préparation et de détection ont été optimisées pour chaque capteur, et les mécanismes de détection ont également été validés au cours de cette thèse.
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 1 Figure 1. Scheme of challenges for MIP-based quantum dots sensors.
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 2 Figure 2. Conceptual scheme of probes design in this research.
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 3 Figure 3. The number of publications on BPA in the past 40 years has grown depicted by Huelsmann et al. [2].
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 4 Figure 4. The common EDCs and chemical structure.
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 5 Figure 5. Schematic representation of BPA sources.
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 6 Figure 6. The key characteristics of endocrine-disrupting chemicals proposed by Dr. Michele A. La Merrill and her teams [22].
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 7 Figure 7. The chemical structure of amylose.
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 9 Figure 9. The amylose derivatives were proposed as recognition

Figure 10 .

 10 Figure 10. The published recognition elements for BPA were prepared based on (a) chitosan and (b) aluminum-based MOF/sodium alginatechitosan composite beads [40; 41].

Figure 11 .

 11 Figure 11. The published BPA recognition elements based on (a) crosslinking β-CD, (b) β-CD hydrogel, (c) β-CD functionalized ZnO QDs, and (d) β-CD functionalized MWCNT [44-47].

Figure 14 .

 14 Figure 14. The published MIP-based recognition elements for BPA established by (a) mesoporous silica MIP, (b) hybrid SiO2-coated CdTe, and (c) FeOx/ZnS@MIPs [57-59].

Figure 15 .

 15 Figure 15. The proposed recognition polymers for BPA based on (a) PAC-PNIPAM and (b) polyaniline-MWCNT [60; 61].
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 16 Figure 16. Mechanism and prevalence of RDRP illustrated by Corrigan et al. [63].
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 17 Figure 17. Mechanism of Cu(0)-mediated RDRP sketched by Konkolewicz et al. [68].
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 18 Figure 18. Surface modification with polymers by grafting from, grafting to, and Ligand exchange techniques.

Figure 24 .

 24 Figure 24. (a) The proposed scheme of QDs with common capping agents [108]. (b) Surface silanization for stabilization or application of QDs.

  Because the specific interaction between chemical compounds and fluorophores contributes to a fluorescence change, the fluorescence-based sensor is constructed on this phenomenon and has been extensively used in the analytical field to detect various molecules. The signal response of fluorescence-based sensors involves fluorescence quenching, fluorescence enhancement, and fluorescence change via a combination of different mechanisms [131].

Figure 28 .

 28 Figure 28. Jablonski diagram for fluorescence and phosphorescence.

Figure 29 .

 29 Figure 29. Schematic illustration of (a) dynamic and (b) static quenching mechanisms.

Figure 30 .

 30 Figure 30. Illustration of (a) FRET, (b) PET, and (c) IFE quenching mechanisms.

  A fluorescence-enhancement-based senor was used by Wang et al. in terms of weakening the IFE of red gold nanoparticles (AuNPs) on blue nitrogen-doped carbon dots (NCDots) [149]. The BPA/aptamer complex led the unstable AuNPS to be aggregated and recovered the fluorescence of NCDots. The fluorescence enhanced from 10 to 250 nM BPA concentrations, and the LOD was 3.3 nM, but with an obtuse response time of 30 min. The PET is inhibited by the binding of analytes and acceptors, which diminishes the electron transfer and further recovers the fluorescence of the fluorophore. Another fluorescence-enhanced strategy is related to the property of QDs, as demonstrated by Rodrigues et al. in Figure 31

Figure 31 .

 31 Figure 31. The proposed schematic illustration of the fluorescence enhancement mechanism by Rodrigues et al. [148].

  sensors have outstanding sensitivity for detecting bisphenol A (BPA) in trace amounts. However, complicated fabrication and high-cost limit such sensors in applications. In this study, an aptamer-mimetic fluorescent probe was developed by combining phenyl-functionalized amylose with CdSe quantum dots (QDs), as shown in Figure32. The QDs initially emitted low fluorescence because of the aggregation caused by intertwined amylose. After forming inclusion complexes with BPA, relaxed intermolecular interactions between the amylose expanded the distance between the QDs and thus recovered the fluorescence. The modified amylose preferred to complex with linear molecules with Log Kow of 2.69-3.43. The selective inclusion for BPA and the "fluorescence on" mechanism contributed to a wide detection range (1.0×10 -1 -1.0×10 5 μg/L), a low detection limit (LOD, 3.0×10 -1 μg/L), and a short response time (5 min) for BPA detection. Even in the presence of matrix in the tap and drinking waters, the aptamer-mimetic fluorescent system still performed a low detectable concentration (1.0×10 -1 μg/L) with high recovery in analysis (95-103%), which is promising to be applied for water quality control.

Figure 32 .

 32 Figure 32. Graphical abstract of APS-QDs probe.
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 33 Figure 33. Schematic of (a) the structure of modified CdSe QDs with phenolic functionalized amylose and (b) the sensing mechanism of the amylose-modified QDs for BPA detection.

Figure 35 .

 35 Figure 35. FT-IR spectra of (a) vinyl benzoate, amylose, and AP, and (b) APS, OA-QD and APS-QD.

Figure 36 .

 36 Figure 36. (a) 1 H-NMR spectra and (b) 13 C-NMR spectra of amylose, AP, and APS. The values shown on or below the NMR peaks are the relative peak area by taking a selected peak as the base in each spectrum.

Figure 37 .

 37 Figure 37. TEM images of (a) OA-QDs and (b) APS-QDs. Size distribution of (c) OA-QDs and (d) APS-QDs. (e) UV-vis spectra and (f) fluorescence spectra of the OA-QDs and the APS-QDs.

Figure 38 .

 38 Figure 38. UV-vis spectra of iodine solution (a) in the absence and the presence of amylose, APS, APS+5.0×10 4 μg/L BPA, and APS+1.0×10 5 μg/L BPA. (b) with amylose, amylose+ 5.0×10 4 μg/L BPA, and amylose+ 1.0×10 5 μg/L BPA. (c) Decreased polyiodide absorbance

Figure 39 .

 39 Figure 39. (a) Fluorescence and (b) size distribution of the APS-QDs in DMSO/water solutions (9/1, v/v). The BPA concentration was 1.0×10 5 μg/L in the aqueous solution.

Figure 40 .

 40 Figure 40. Fluorescence recovery of the APS-QDs (a) prepared with different APS/QDs weight ratios and (b) with different loadings in DMSO solution. The sensing was conducted with 0.9 mL APS-QDs/DMSO solution and 0.1 mL BPA aqueous solution at 1.0×10 5 μg/L.

Figure 41 .

 41 Figure 41. Fluorescence recovery of the APS-QDs (a) Effect of pHs on the sensitivity of the APS-QDs system and (b) response time of the optimized APS-QDs system to BPA detection. The sensing was conducted with 0.9 mL APS-QDs/DMSO solution and 0.1 mL BPA aqueous solution at 1.0×10 5 μg/L.

Figure 42 .

 42 Figure 42. (a) Fluorescence spectra of APS-QDs (1.0 mg/mL) in response to BPA at different concentrations and (b) dependences of F/F0 upon the BPA concentrations.
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 44 Figure 44. (a) The dependences of F/F0 upon the concentrations of phenol, E2, pyrene, 2,2'-BPF, 4,4'-BPF, and BPA in DI water. (b) The

Figure 45 .

 45 Figure 45. (a) Fluorescence recovery of the APS-QDs in the presence of different concentrations of NaCl and 100 mM of NaH2PO4. The sensing was conducted with 0.9 mL APS-QDs/DMSO solution and 0.1 mL BPA aqueous solution at 0.1 mg/L. (b) Size distribution of the APS-QDs in the absence and the presence of 100 mM NaCl or 100 mM NaH2PO4.

Figure 46 .

 46 Figure 46. Fluorescence spectra of APS-QDs (1.0 mg/mL) in response to BPA over (a) 1.0×10 -1 -1.0×10 2 μg/L in the DI water with 100.0 mM NaCl. (b) The calibration curve for salted DI waters. The fluorescence spectra of the probe changed with the BPA concentrations in (c) drinking and (e) tap waters with 100.0 mM NaCl, and the calibration curves derived from the (d) drinking and (f) tap water systems.

Figure 47 .

 47 Figure 47. Graphical abstract of SG-copolymers/QDs fluorescent microgels sensor.

Figure 48 .

 48 Figure 48. Schematic of the SG/QDs microgel preparation procedures for BPA sensing.

Figure 49 .

 49 Figure 49. FT-IR spectra of (a) pristine CdSe QDs (purple), Lcys-capped QDs (blue), S40G60-QDs (green), and S40G60 copolymer (black) samples, and (b) Lcys capped-QDs, S40G60-QDs in different coupling reaction times (1, 3, 5, 8, and 24 hr) and S40G60 copolymer.

Figure 50 .

 50 Figure 50. TEM images of (a) pristine QDs in toulene and (b) Lcyscapped QDs in an aqueous solution. The insets are the highmagnification images of the QDs. (c) UV-vis absorptions and (d) fluorescence spectra of the pristine QDs in toulene and the Lcyscapped QDs in deionized water. The content of the QDs in the suspensions was controlled at 1.0 g/L. (e) Number-based size distribution of pristine QDs, Lcys-capped QDs, and S40G60-QDs.

Figure 51 .

 51 Figure 51. (a) TEM images of S40G60-QDs in DMF. The inset is the high-magnification images of the QDs. (b) UV-vis absorptions and (c) fluorescence spectra of the Lcys-capped QDs in deionized water and the S40G60-QDs in DMF. The content of the QDs in the suspensions was controlled at 1.0 g/L.

Figure 52 .

 52 Figure 52. Fluorescence quenching (F0/F-1) and initial fluorescence intensity (F0) of the S40G60-QDs (a) prepared with different coupling times and (b) S40G60-to-QDs weight ratios in DMF solution. The sensing was conducted with 0.9 mL S40G60-QDs/DMF solution and 0.1 mL BPA aqueous solution at 1.0×10 5 μg/L.

Figure 53 .

 53 Figure 53. (a) Effect of DMF and BPA aqueous solution pHs on the sensitivity of the S40G60-QDs system. The inset is the pH effect of DMF and aqueous solution on the initial fluorescence intensity (F0) of S40G60-QDs. (b) The response time of the optimized S40G60-QDs system for BPA sensing. The sensing was conducted with 0.9 mL S40G60-QDs/DMF solution and 0.1 mL BPA aqueous solution at 1.0×10 5 μg/L.

Figure 54 .

 54 Figure 54. (a) FTIR spectra of poly(STY-co-GMA) copolymers with different S/G ratios. The green labeled dash lines are the FTIR signals from STY, and the blue from GMA. (b) Correlation plot between the FTIR intensity ratios of the poly(STY-co-GMA) copolymers and the corresponding theoretical S/G molar ratios.

Figure 55 .

 55 Figure 55. (a) The initial fluorescence intensity of the SG-QDs with different S/G molar ratios in DMF. The S40M60 and M40G60 were poly(Sty-co-MMA) and poly(MMA-co-GMA), respectively. (b) Schematic for low fluorescence consequences of GMA dominant microgel and STY dominant microgel.

Figure 56 .

 56 Figure 56. Number-based size distribution of SG-QDs, S40M60-QDs, and M40G60-QDs with and without BPA. The samples were prepared by adding 0.1 mL BPA aqueous solution at 100mg/L or an equal volume of DI water into 0.9 mL QDs/DMF solution. Large aggregates were filtrated with 0.4 μm filters.

Figure 57 .

 57 Figure 57. Stern-Volmer plots of SG-QDs, S40M60-QDs, and M40G60-QDs.

Figure 58 .

 58 Figure 58. Fluorescence emission spectra of S40G60-QDs composite in the presence of increasing concentrations of BPA at 303 K. The inset is linear dependence of the F0/F-1 against the BPA concentrations.

Figure 59 .

 59 Figure 59. (a) UV-vis absorptions of BPA, S40G60-QDs, and S40G60-QDs mixed with BPA. (b) Linear dependence of the quenching upon the BPA concentrations at 303 K and 323K.

Figure 60 .

 60 Figure 60. (a) Fluorescence emission spectra of Lcys-capped QDs composite in the presence of increasing concentrations of BPA. (b) UVvis absorptions of Lcys-capped QDs, and Lcys-capped QDs mixed with BPA.

  According to the calculations conducted by Wang et al., the Mulliken charges on the O atoms of three BPF isomers were in the order of 2,2'-BPF > 2,4'-BPF > 4,4'-BPF[47]. This result implied that 2,2'-BPF was more inclined to form hydrogen bonds with the amine moieties on the QDs than 4,4'-BPF. The hydrogen bond interaction not only drove 2,2'-BPF, rather than 4,4'-BPF, to contact the QDs but also facilitated the following electron transfer to quench the fluorescence more than 4,4'-BPF did.

Figure 62 .

 62 Figure 62. (a) Fluorescence changes of the S40G60-QDs in response to BPA, 2,2'-BPF, 4,4'-BPF, Phenol, Pyrene, and E2 and (b) the linear dependences of the changed fluorescence upon the analyte concentrations. (c)Number-based size distribution of the S40G60-QDs composite with and without analytes. The smaller original S40G60-QDs colloidal size in the E2 system was attributed to a simple DMF solvent measurement. The measurement in the pyrene system was unavailable because of photon emission from the analyte. (d) Chemical structure of the analogue analytes.

Figure 63 .

 63 Figure 63. (a) Fluorescence quenching and the initial fluorescence intensity (F0) of the S40G60-QDs sensing system at different concentrations of NaCl. The BPA concentration was controlled at 1.0×10 5 μg/L. (b)Number-based size distribution of S40G60-QDs microgels at different NaCl concentrations. The colloidal size was reduced at 200.0 mM NaCl due to shrinkage.

Figure 65 .

 65 Figure 65. (a) The fluorescence changes of the S40G60-QDs system and the calibration curves over the concentration of (b) 1.0×10 -1 -1.0×10 2 μg/L and (c) 1.0×10 2 -1.0×10 4 μg/L of BPA with 100 mM NaCl in drinking water; the same contents for (d)-(f) in tap water. (g) The fluorescence changes of the S40G60-QDs system and the calibration curves over the concentration of (h) 1.0×10 2 -1.0×10 4 μg/L of BPA with 100 mM NaCl in milk samples. The drinking water, tap water, and milk samples have been pretreated to remove colloids and proteins.

  explore the integration of QDs-based probes with extraction methods that can eliminate interference from complicated matrices, such as solid-phase extraction (SPE), liquidliquid extraction (LLE), or supported liquid extraction (SLE). Furthermore, the extraction techniques employed to enhance the sensitivity and selectivity of BPA detection may exclude the solvent's influence on the balance between probe dispersion and the solubility for BPA over other analogues.

Figure A2 .

 A2 Figure A2. DOSY-NMR of poly(STY-co-GMA) in different mole fractions: (a) S10G90 (b) S25G55 (c) S40G60 (d) S55G45 (e) S70G30.

Figure

  Figure A3. FT-IR spectra of M40G60, M40G60-QDs composite, S40M60, and S40M60-QDs composite.

Figure A4 .

 A4 Figure A4. Number-based distribution of poly(STY-co-GMA) in different mole fractions with and without BPA: (a) S10G90 (b) S25G55 (c) S40G60 (d) S55G45 (e) S70G30.
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Table 2 .

 2 Comparison of published sensors for BPA detection.

	Recognition Material	Transducer	Signal	Detection Range (mg/L)	LOD (mg/L)	Detection time	Ref.
		Electrodes modified					
		with					
	MIP	superparamagnetic	Amperometry	5.7110 -3 -22.8	4.6910 -3	3 min	[126]
		iron oxide					
		nanoparticles					
	Gold sononanoparticles	Nanocomposite-Carbon electrode modified Sonogel-	Differential Voltammetry Pulse	0.11-3.42	0.014	-	[127]
	MIP	Photonic Crystals	Optical Diffraction	1-0.4	1	30 s	[128]
	Antibody	Magnetic Fe3O4 nanoparticles@ Nanoporous Carbon	Magnetic Resonance	510 -5 -510 -2	1.210 -5	0.5 h	[129]
	Aptamer	Liquid Crystal	Optical Image	4.610 -6 -6.810 -3 1.3710 -4	1 h	[130]

Table 3

 3 summarizes different fluorescence-based probes for detecting BPA in terms of their recognition material, transducer, sensing strategy, and sensing ability. Different reception elements demonstrate various capabilities to recognize BPA. Synthetic materials, like carbon nanosheets or MIP, are economical and show a considerable LOD but a longer response time than chitosan and β-CD because of the slow mass transfer. Although the biomacromolecules, chitosan or β-CD, present a faster response to BPA detection, the selectivity of these reception elements over other structural analogues is challenged. The highest sensitivity is demonstrated in the aptamer-based or cDNA-based QDs sensing system. However, these recognition materials suffer from less costefficiency and complicated procedures in manipulation. Conclusively, an ideal recognition unit necessarily possesses ingenious sensitivity, superior selectivity, firm stability, facile manufacture, and costeffectiveness.

Table 3 .

 3 Comparison of proposed fluorescent sensors for BPA detection.

	Recognition	Transducer	Sensing Strategies	Dynamic Range (mg/L)	LOD (mg/L)	Response Time	Ref.
			Duplex structure of aptamer-QD565 and				
	Aptamer	QD565/QD655	signaling DNA-QD655/Dissociation of aptamer and signaling DNA due to BPA	1.0×10 -6 -1.0×10 -2	1.7×10 -7	16 hr	[150]
			binding/Removal of signaling DNA-QD655				
			Combination of aptamer-FAM and				
	Aptamer	FAM	aptamer-BHQ2 due to the BPA binding/FRET	1.0×10 -3 -5.0×10 -2	8.9×10 -2	5 min	[145]
			between FAM and BHQ2				
			IFE due to a combination of aptamer and				
	Aptamer	NCDots	AuNPs / "Turn on" due to the released AuNPs aggregation because of a BPA-	2.3×10 -3 -0.2	7.5 ×10 -2 30 min	[149]
			aptamer combination				

Table 4 .

 4 Crucial reagent chemicals were used in this study.

	Chemicals	Function	Suppliers, Purity
	Selenium (Se) powder	Precursor of CdSe QDs	Sigma-Aldrich, 99%
	Cadmium Chloride (CdCl2)	Precursor of CdSe QDs	Sigma-Aldrich, 99%
	Cadmium Oxide	Precursor of CdSe	Sigma-Aldrich,
	(CdO)	QDs	99.9%
	Sodium sulfite (Na2SO3)	Stabilizer for selenium	Alfa, 98%
	Trioctylphosphine (TOP)	Stabilizer for cadmium ion	Alfa, 97%
	Oleic acid (OA)	Capping agent for OA-QDs	Sigma-Aldrich, 90%
		Capping agent for	
	Cysteamine (Cys)	Cys-QDs and modifier for amylose	Sigma-Aldrich, 99%
		thio functionalization	
		Stabilizer and	
	1-Octadecene	solvent for OA-QDs	Alfa, 90%
		synthesis	
	Ethylenediamine (EDA)	Capping agent to exchange assist ligand	Alfa, 95%
	Amylose	Reactant for reception elements preparation	Sigma-Aldrich, 99.8%

Table 5 .

 5 Comparison of APS-QDs sensing ability and log KOW for five EDCs.

		Parameters of Correlation	
	Phenolic EDCs	Dependence Exponential Constant (K) Factor (b)	Log KOW
	BPA	1.68	0.19	3.43
	4,4'-BPF	1.71	0.11	2.91
	2,2'-BPF	1.38	0.09	2.69
	Pyrene	1.38	0.04	4.13
	E2	1.16	0.03	5.17
	Phenol	-a	-	1.48

a Not available.

Table 7 (

 7 K: 4.41, b: 0.14) were higher than in deionized water (K: 1.68, b: 0.19). The increased K constant supported the enhanced partitioning of BPA into APS moieties through the saltingout effect. Conversely, the slightly decreased b factor suggested that the ionization of binding sites slightly hindered the complexation.

Table 7 .

 7 Comparison of APS-QDs sensing ability in different sensing matrices.

		Parameters of Correlation
	Water Source	Dependence Exponential Constant (K) Factor (b)
	Pure DI water	1.68	0.19
	DI water with NaCl	4.41	0.14
	Drinking water with NaCl	1.91	0.07
	Tap water with NaCl	1.80	0.06

Table 7 ,

 7 K: 4.41, b: 0.14), the decreased K and b values in the field samples indicated hindered interaction between BPA and APS moieties due to natural organic matter. Nevertheless, low LOD values of 8.0×10 -2 μg/L and 7.0×10 -2 μg/L were still achieved in tap and drinking waters, respectively, with high recovery rates in analysis (95-103%) and small relative deviations (1.1-2.3%), as shown in Appendix A (TableA1). A guidance concentration of BPA developed by the Minnesota Department of Health (MDH) was 20 ppb in drinking water. At or below this concentration, people would have little health risk from exposure to this EDC. In this study, the APS-QDs have been demonstrated to be capable of reporting the BPA concentration in the drinking water below this guidance value.

Table 8 .

 8 Comparison of various methods for BPA detection.

	Methods	Dynamic Range (μg/L)	LOD (μg/L)	Ref.
	SPE-HPLC-MS a	3.0×10 1 -1.0×10 4		9.0	[62]
	HPLC-UV b	2.0×10 3 -1.0×10 4	6.0×10 2	[63]
	SPE-HPLC-c FLD	2.3-3.7×10 8		1.0	[64]
	HPLC-PDA	2.0×10 2 -1.0×10 5	1.9×10 2	This study
	APS-QDs	1.0×10 -1 -1.0×10 5	3.0×10 -2	This study
	a SPE-HPLC-MS: solid phase extraction-high performance liquid
	chromatography-mass	spectrometer;	b UV:	ultraviolet-visible
	spectrometer; c FLD: fluorometric detector.		

Table 9 .

 9 Crucial reagent chemicals were used in this study.

	6.3 EXPERIMENTAL SECTION	
	6.3.1 Chemicals		
	Chemicals	Function	Suppliers, Purity
	Selenium (Se) powder	Precursor of CdSe QDs	Sigma-Aldrich, 99%
	Cadmium Chloride (CdCl2)	Precursor of CdSe QDs	Sigma-Aldrich, 99%
	Cadmium Oxide	Precursor of CdSe	Sigma-Aldrich,
	(CdO)	QDs	99.9%
	Sodium sulfite (Na2SO3)	Stabilizer for selenium	Alfa, 98%
	Trioctylphosphine (TOP)	Stabilizer for cadmium ion	Alfa, 97%
	Oleic acid (OA)	Capping agent for OA-QDs	Sigma-Aldrich, 90%
	L-cysteine (Lcys)	Capping agent for Lcys-QDs	Sigma-Aldrich, 98%
		Stabilizer and	
	1-Octadecene	solvent for OA-QDs	Alfa, 90%
		synthesis	
	Tris(2-	Chelating agent for	
	pyridylmethyl)amine	copper ions in Cu(0)-	TCI, 98%
	(TPMA)	mediated RDRP	
	Copper(II) bromide (CuBr2)	Activator in Cu(0)-mediated RDRP	Sigma-Aldrich, 99%
	Copper wire	Activator in Cu(0)-mediated RDRP	Alfa Aesar, 99%

Table 11 .

 11 Comparison of S40G60-QDs sensing ability for BPA, 2,2'-BPF, 4,4'-BPF, and phenol.

		Parameters of Correlation Dependence
	Analogues		
		Constant (KSV)	Intercepts
	BPA	0.009	0.109
	2,2'-BPF	0.005	0.097
	4,4'-BPF	0.003	0.021
	Phenol	0.002	0.011
	The low-sensitive systems exhibited lower intercepts in the linear
	dependences, which means their quenching was closer to the classical
	Stern-Volmer kinetics. This finding suggested that those less-sensitive
	systems trapped the analytes only in the outer region of the microgels,
	where the analyte attached the QDs to induce the quenching without
	long-distance diffusion within the microgel matrix. Their
	hydrophobicity controlled the affinity of the analytes toward the
	S40G60 copolymer. According to the KOW of the analytes (the values of
	BPA, 2,2'-BPF, 4,4'-BPF, and phenol are 3.43, 2.69, 2.91, and 1.48,
	respectively)		

Table 13 .

 13 BPA detection in actual samples using S40G60-QDs and HPLC-PDA (n=3).

				S40G60-		HPLC-	
	Sample	Spiked (μg/L)	Measured (μg/L)	QDs Recovery	RSD (%)	PDA Recovery	RSD (%)
				(%)		(%)	
		0	N.D. a	-b	-	-	-
	Drinking	200	202.1	101.1	1.2	99.2	0.9
	Water	500	511.5	102.3	3.3	100.3	1.3
		800	791.4	98.9	4.6	99.8	0.7
		0	N.D.	-	-	-	-
	Tap	200	204.2	101.9	2.2	100.3	1.1
	Water	500	502.1	100.3	1.1	99.1	0.9
		800	811.4	101.3	4.3	100.5	1.2

a Not detected. b Not available

Table 13 .

 13 Comparison of BPA sensing systems in this study.

		BPA Sensors	
		Functionalized amylose/QDs	SG copolymer/QDs
	Reception	Phenyl-functionalized	Poly(STY-co-GMA)
	Material	amylose (APS)	(SG copolymer)
	Designed Cavity	Hydrophobic helical cavities within APS	Functional groups surrounded microcavities on QDs' surface
	Coupling Method	Ligand exchange of native agents to phenyl-functionalized amylose via the thio group (terminal of APS)	Ligand exchange of native agents to L-cysteine/ Ring opening reaction between the amine groups (L-cysteine) and epoxy groups (GMA)
	Sensing Manner	Fluorescence Enhancement	Fluorescence Quenching

Table A1 .

 A1 Comparison of fluorescent BPA probes with APS-QDs in field water. Lu, H., Wei, D., Zheng, R., and Xu, S. (2019). "Post-Imprinting Modification Based on Multilevel Mesoporous Silica for Highly Sensitive Molecularly Imprinted Fluorescent Sensors." Analyst, 144(21), 6283-6290.Les perturbateurs endocriniens (PEs) sont devenus un problème environnemental mondial en raison de l'explosion démographique et de la croissance industrielle. Les PEs font partie des contaminants émergents les plus préoccupants car ils sont soupçonnés d'être cancérigènes et d'altérer les fonctions reproductives, neurologiques et immunitaires du corps humain. Le bisphénol A (BPA) est l'un des PEs phénoliques les plus inquiétants, largement utilisé comme additif pour améliorer la dureté et la stabilité thermique des plastiques. Toutefois, le BPA libéré par les usines de fabrication ou les stations d'épuration des eaux usées est soupçonné de provoquer des maladies liées aux hormones en raison de son effet similaire à celui des oestrogènes. Afin de prévenir la menace du BPA, des efforts massifs ont été consacrés au développement de la détection du BPA.Diverses méthodes ont été appliquées à la détection du BPA, telles que la chromatographie liquide haute performance (HPLC), la chromatographie liquide/spectrométrie de masse (LC/MS) et le dosage immuno-enzymatique (ELISA). Cependant, ces méthodes sont des analyses qui sont consommatrices de temps pour la détection du BPA en raison de la nécessité de prétraitement d'échantillons souvent complexes. En outre, les instruments pour ces méthodes impliquent un coût élevé d'utilisation et des techniciens spécialisés pour assurer leur fonctionnement. En raison de la demande croissante de surveillance environnementale rapide, simple et peu coûteuse du BPA, les capteurs comprenant un élément de réception et un transducteur de signal ont été largement utilisés ces dernières années.Parmi les divers transducteurs, les capteurs optiques sont supérieurs en raison de leur souplesse d'utilisation, de leur haute sensibilité et de leur fabrication économique. Les quantum dots (QDs) présentent des transitions rapides, en l'espace de quelques nanosecondes, de l'isolement des électrons à la recombinaison et font preuve d'un rendement quantique élevé, ce qui les rend particulièrement appropriés pour être utilisés comme transducteurs. Le principe de la fluorescence des QDs est l'émission spontanée de photons après excitation. Grâce à l'interaction spécifique entre les composés chimiques et les fluorophores, les QDs présentent un changement de fluorescence. Le capteur à base de QDs a été largement utilisé dans le domaine analytique pour détecter diverses molécules. Ces dernières années, des matériaux synthétiques et biologiques ont été développés pour la reconnaissance du BPA, tels que des polymères à empreinte moléculaire (MIP), des aptamères, des enzymes ou des anticorps. Bien que la spécificité de la bio-substance permette aux biocapteurs d'être très sensibles par rapport à la cible, leur nature délicate nécessite une attention particulière pour éviter la dénaturation, ce qui augmente inévitablement le coût des dispositifs correspondants. D'autre part, les matériaux de reconnaissance à base de MIP synthétiques sont plus stables par rapport aux substances biologiques et expriment une grande sélectivité pour la reconnaissance du BPA par rapport à des analogues. Néanmoins, le processus de préparation est fastidieux et le transfert de masse est lent. Pour relever les défis que sont la stabilité, la rentabilité et la rapidité de réaction, deux systèmes de détection à base de QDs ont été construits dans le cadre de ce projet :

	System MIP/ CdTe QDs and CDs MIP-coated CDs Chitosan-capped ZnS QDs β-CD/ZnO QDs Tap water Water source River water River water Tap water BPA-Apt-AuNPs-NaCl-CdTe QDs Tap water UCNPs@apts/ BP-Au@T-cDNAs River water Berberine/BPA-aptamer Tap water NCDots-AuNPs-NaCl-aptamer Tap water APS-QDs Tap water Drinking water [1] 9 RESUME EN FRANÇAIS	Spiked (μg/L) 22.8 114.1 456.6 182.6 365.3 730.5 2.0 10.0 50.0 456.6 1826.4 2282.9 80.0 110.0 190.0 5.0 25.0 50.0 45658.0 136974.0 228290.0 18263.2 22829.0 57072.5 0.1 0.5 1.0 0.1 0.5 1.0	Measured (μg/L) 22.1 110.0 459.3 187.2 356.1 716.8 2.0 10.2 49.4 493.1 1867.4 2148.2 81.6 104.8 181.5 20.4 42.1 60.9 43740.4 126564.0 233609.2 17806.7 22600.7 57529.1 0.1 0.5 1.0 0.1 0.5 1.0	Recovery (%±S.D.) 97.0±3.2 96.4±4.1 100.6±3.7 102.5±6.25 97.5±12.5 98.1±12.3 99.0±2.5 101.7±2.2 98.7±3.0 102.3±1.42 102.3±1.05 94.1±0.72 102.0±1.08 95.3±1.87 95.5±1.91 105.9±-107.1±-94.6±-95.8±1.2 92.4±1.8 102.3±1.56 97.5±1.21 99.0±1.98 100.8±1.91 95.0±2.1 97.0±2.3 103.0±1.7 101.0±1.9 98.0±1.3 98.0±1.1	Ref. [1] [2] [3] [4] [5] [6] [7] [8] this study

The initial fluorescence (F0) of the SG-QDs with different S/G compositions was measured (Figure 55a). The S40G60-QDs exhibited the highest fluorescence, and the intensity declined by increasing and decreasing the styrene contents. In GMA-dominant copolymers (S10G90 and S25G75), closely linked QDs by a high density of the epoxy rings quenched the fluorescence [39], as shown in Figure 55b.

On the other hand, insufficient incorporation of the QDs in the styrenedominant copolymers (S55G45 and S70G30) resulted in low fluorescence as well. To clarify the role of the styrene and GMA moieties in coupling the QDs, either of them in the S40G60 copolymer was replaced with equal amounts of methyl methacrylate (MMA, M), which possess similar reactivity to STY and GMA, and the resulting copolymers were called M40G60 and S40M60 (The chemical structure and the FTIR spectrum were presented in Appendix A, Figure A3). While the M40G60-QDs exhibited an F0 as high as the S40G60-QD, the