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Abstract

Quantum-dots-doped covalent organic frameworks in a molecularly imprinted network (QDs-doped COFs@MIP) were devel-
oped for detection of nereistoxin (NRT)-related insecticide in tap water. The preparation of QDs-doped COFs @MIP was easy to
accomplish via one-pot synthesis at room temperature. QDs-doped COFs@MIP quenched by targeting thiosultap due to the
photoinduced charge transfer. A Brunauer-Emmett—Teller surface area of 186.20 m? g "' and a maximum adsorption capacity of
771 mg g~" of the QDs-doped COFs @MIP exhibited good selectivity and adsorption capacity. Direct fluorescence determination
was established over the range 5-100 ug L' (R*=0.9959) with a detection limit of 1.60 pg L™'. Furthermore, 86.5-106.5%
recoveries of spiked tap water were achieved. The determination system was feasible for tracing the NRT-related insecticide with

high accuracy and good repeatability and reproducibility.

Keywords Two modalities determination - Molecularly imprinted polymers - Covalent organic frameworks - Quantum dots -

Nereistoxin-related insecticide

Introduction

Nereistoxin (NRT)-related insecticides, including thiosultap,
cartap, thiocyclam, bensultap, and monosultap, were widely
applied in agriculture pest management due to its low toxicity
and high insecticidal activity [1]. Unfortunately, the overuse
and/or misuse of NRT-related insecticides has caused food
safety and environmental issues, and human health concerns
[2, 3]. The Chinese Ministry of Agriculture has specified max-
imum residue limits (MRL) for NRT-related insecticide resi-
dues, such as the MRL of thiosultap in cabbage which is
0.5 mg kg '. The common methods for NRT-related insecti-
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cide detection are mainly instrumental analysis such as liquid
chromatography/mass spectrometry [4, 5] and gas
chromatography/mass spectrometry [6, 7] as they are high in
sensitivity and accuracy. However, the inevitable shortcom-
ings inherent in instrumental analysis such as its cost, compli-
cated pretreatment steps, in-laboratory analysis, and skilled
manpower limit their further application [8]. Therefore, a sim-
ple, environmentally friendly, low-cost, and convenient meth-
od for NRT-related insecticide identification at trace levels is
particularly important.

Recently, the advancement in opto-sensors based on fluo-
rescent quantum dots (QDs) has provided opportunity for con-
venient detection of chemical contaminants [9]. Mn—ZnS QDs
are one of the most promising for applications because ZnS
has a 3.7-eV-wide band gap [10] and has low toxicity. It has
been extensively used as signal sources for metal-ion detec-
tion, biopolymers [10], and small molecules. However, bare-
single Mn—ZnS QDs that are directly exposed to a complex
matrix cannot detect analytes selectively and accurately.
Molecular imprinting with high selectivity can make up for
this defect, which combines with Mn—ZnS QDs to mimic the
interaction in antibody—antigen systems to recognize target
molecules [11, 12]. Three-dimensional imprinted cavities left
by the removal of target molecules following polymerization
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enable superior selectivity. Molecularly imprinted polymers
(MIPs) based on Mn—ZnS QDs were reported by many re-
searchers, which combined the advantages of high selectivity
of MIPs and good sensitivity of QDs to decrease detection
limits [13—15]. However, the uniformity and response of
QDs in MIPs are important indexes to improve the
optosensing detection performance.

A further investigation of using covalent organic frame-
works (COFs) as the support to prepare MIPs probe is of good
distribution and performance for QDs [16—18]. COFs are ex-
tended porous crystalline and polymeric materials composed
of light elements (C, N, O, and B) via reticular synthesis, and
are held together by strong covalent bonds from discrete mol-
ecules [19-21]. The tailored synthesis and functionalization of
COFs enable properties such as gas transport, catalysis, en-
zymes support, and electronic devices. COFs have large sur-
face areas, uniform pore sizes, and high thermal and chemical
stability to make it a potential support element.

Here, QDs-doped covalent organic frameworks in a molec-
ularly imprinted network (QDs-doped COFs @MIP) were pre-
pared via a one-pot reverse-microemulsion synthesis. It was
used as a probe for the high-sensitivity determination of NRT-
related insecticide in tap water via fluorescence spectra. The
determination modality of sediment fluorescence determina-
tion (SFLD) not only avoids the interferences from the back-
ground, instrumental restrictions, and experimental errors but
also improves accuracy and sensitivity for trace detection of
chemical contaminants. The SFLD established a satisfying
linear relationship to determine the NRT-related insecticide
with a high accuracy. In addition, the thermal stability, iso-
thermal adsorption, dynamic adsorption, and selectivity, recy-
clability, repeatability, and reproducibility of the QDs-doped
COFs@MIP were investigated. The nanoparticles worked as
an independent testing unit, and the flower-like COFs en-
hanced thiosultap adsorption. This technology was suitable
for the analysis of all NRT-related insecticides by using the
molecular template, and thiosultap was chosen as the model
analyte. Thiosultap is soluble in water which increased the risk
of water contamination. Due to the requirement of daily intake
of tap water to maintain the body water balance, a safe and
reliable tap water supply is important. Herein, the modality of
SFLD was established for the detection of thiosultap in tap
water with high accuracy and sensitivity.

Experiment

Materials and reagents

Thiosultap, cartap, bensultap, thiocyclam, monosultap stan-
dards, manganese acetate tetrahydrate (Mn(Ac),-4H,0), and

3-mercaptopropionic acid (MPA) were purchased from
Aladdin Reagent Co., Ltd. (Shanghai, China, https://www.
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aladdin-e.com/). P-Phenylenediamine (Pa), mesitylene, 3-
aminopropyl triethoxysilane (APTES), tetraethyl orthosilicate
(TEOS), and Triton X-100 were supplied by Macklin
Biochemical Technology Co., Ltd. (Shanghai, China, https:/
macklin.company.lookchem.cn/). Sodium sulfide
(Na,S-9H,0), ammonia solution (25 wt.%), and cyclohexane
were obtained from Fuchen Chemical Reagents Co., Ltd.
(Tianjin, China, http://www.tjfch.com/). Zinc sulfate
heptahydrate (ZnSO,4 7H,0) was obtained from Xilong
Science Co., Ltd. (Shanghai, China, http://www.xlhg.com/).
Dioxane was supplied by J&K Scientific Ltd. (Beijing, China,
https://'www.jkchemical.com/). 1,3,5-Triformylphloroglucinol
(TP) was supplied by Strem Chemicals, Inc. (Massachusetts,
USA, https://www.strem.com/index.php). A Water Pro water
purification system (Labconco, Kansas, MO, USA, https:/
www.labconco.com/) supplied doubly deionized water
(DDW, 18.2 M2 cm).

Apparatus

The fluorescence response of QDs-doped COFs@MIP to
thiosultap was recorded on a multifunctional microplate read-
er (BioTek Instruments, Inc., USA, https://www.biotek.com/)
under identical conditions. The excitation wavelength was
360 nm for emission over the range 400-650 nm. UV—
visible spectra of thiosultap were acquired on a Cary 100
UV-Vis (Agilent, USA, https://www.agilent.com/) over the
scan range of 200400 nm. Surface morphologies of QDs-
doped COFs@MIP, COFs, and Mn—ZnS QDs were imaged
with scanning electron microscopy (SEM; S-4800, Hitachi,
Ltd., Japan, http://www.hitachi.com/) and transmission
electron microscopy (TEM; JEM-2012, JEOL Ltd., Japan,
http://www.jeol.co.kr/). Fourier-transform infrared spectra
(FT-IR) over the range 4000—650 cm™ ' were acquired with a
Nicolet iS10 (Thermo Scientific, USA, https://www.
thermofisher.com). Thermogravimetric analysis (TGA) be-
tween 50 and 950 °C was performed with a STA 449 F3
Jupiter DTA-TG (Netzsch, Germany, https://www.netzsch.
com/zh/) at a heating rate of 10 °C min ™" in air. X-ray diffrac-
tion (XRD) patterns were obtained with a Rigaku D/max-
2500 diffractometer (Rigaku, Japan, https://www.rigaku.
com/ja) using Cu-K radiation. Brunauer—Emmett—Teller
(BET) specific surface areas were measured via nitrogen ad-
sorption on an ASAP 2460 physical adsorber (Micromeritics,
American, https://www.micromeritics.com/).

Synthesis of quantum dots (QDs) and covalent
organic frameworks (COFs)

Mn—ZnS QDs were synthesized as reported previously, with
minor modifications [22]. More specific details are available
in Electronic Supplementary Material.
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The protocol for the synthesis of highly acid- and base-
stable crystalline COFs was based on that of Kandambeth
et al [23]. In a 500-mL conical flask containing 3 mL of
mesitylene/dioxane (v/v, 1:1) solvent, Schiff-base reactions
were performed with 63 mg of TP coupled with 48 mg of Pa
in the presence of 3 M acetic acid (0.5 mL) at 120 °C for
3 days under air-tight conditions via N, bubbling. Under acid-
ic condition, TP containing the active aldehyde group formed
a Schiff base with Pa containing amino groups. Dark-red pow-
dered COFs were obtained after washing with acetone and
drying in vacuum at 180 °C for 24 h.

Synthesis of QDs-doped COFs@MIP

A schematic of the QDs-doped COFs@MIP composite is
depicted in Fig. 1. In brief, 1.8 mL of Triton X-100 was mixed
with 7.5 mL of cyclohexane in a 25-mL round-bottom flask for
15 min at room temperature with vigorous magnetic stirring.
Then, 10 mg of Mn—ZnS QDs, 1 mg of COFs, 75 uL of
TEOS, and 100 pL of ammonia solution were added. After
mixing for 30 min, 37.5 uL of APTES and 100 puL of a
thiosultap aqueous solution were added. The round-bottom flask
was sealed with thin foil and thoroughly stirred magnetically for
24 h. Acetone (10 mL) and DDW (10 mL) were added sequen-
tially three times to terminate the reaction and purify the product.
Because the thiosultap is soluble in water, DDW was selected as
the eluent to remove the thiosultap from polymers. The product
was washed with DDW and centrifuged at 6000xg for 3 min
sequentially several times until there was no signal corresponding

QDs COFs
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Na' g o TEOS
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Fig. 1 Schematic of the composite of COF and QDs-doped COFs@MIP

to thiosultap at 245 nm in the UV—vis spectrum. The final QDs-
doped COFs@MIP product was obtained by drying in a vacuum
oven at 50 °C for 4 h. A control non-imprinted polymer (QDs-
doped COFs@NIP) was obtained by the same process without
addition of thiosultap. The polymers were thoroughly ground in
a quartz mortar and sieved with 200-mesh screens before use.

Two modalities determination with the integrated
system

QDs-doped COFs@MIP (4 mg) in thiosultap standard solu-
tion (4 mL, DDW as solvent) established an integrated system
(1 mg mL "), where the two modalities SUVD and SFLD
determinations at the upper and lower layers of the incubation
material were performed. Then 200 uL and 3 mL of mixture
were added to a 96-well plate and a four-sided transparent
quartz cell with a 1 cm path length, respectively. The fluores-
cence response intensity of lower layers and UV—vis absor-
bance of upper layers to different thiosultap concentrations
were recorded. The same procedure was performed with the
QDs-doped COFs@NIP control. For more details about
SFLD, please see Electronic Supplementary Material.

Recyclability, repeatability, and reproducibility

Further investigation was performed by recyclability, repeat-
ability, and reproducibility experiments to evaluate the reus-
ability of QDs-doped COFs @MIP. More details are presented
in Electronic Supplementary Material.
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Selectivity test

Selectivity test was conducted to assess the selectivity of the
QDs-doped COFs@MIP. For more details, please see
Electronic Supplementary Material.

Sample pretreatment

Tap water was collected and spiked with various amounts of
thiosultap for final concentrations of 50, 70, and 90 pug L for
SFLD analysis. No pretreatment was carried out for the water
sample.

Results and discussion

Preparation and detection mechanism of QDs-doped
COFs@MIP

A schematic of the detection of residual thiosultap based on
quantum-dots-doped covalent organic frameworks in a molec-
ularly imprinted network is shown in Fig. 1. The surface of the
Mn-ZnS QDs was coated with silica via the hydrolysis and
condensation reactions of TEOS and APTES, and the amino
was anchored on the Mn—ZnS QDs as an antenna. In the cross-
linked polymer matrix, the strong hydrogen bonds between
amino and thiosultap during imprinting process created selec-
tive thiosultap binding sites with the right shape and orienta-
tion after the removal of the thiosultap template.

The fluorescence of QDs-doped COFs@MIP quenched af-
ter selectively interacting with thiosultap. The UV absorption
of thiosultap was far away from fluorescence emission spec-
trum of the QDs (Fig. 2a), so we conjectured that the photo-
induced charge transfer is the most likely mechanism of fluo-
rescence quenching instead of fluorescence resonance energy

a 20000
—_—
0.9 4
-—
0.8 1 16000
E
L &
= 0.6 12000 2
g g
é 0.5 1 g
0.4 4 - 8000 5
=
0.3 1
0.2 1 4000
0.1 4
0.0 0

2(')0 2;0 3(')0 3;0 4;)0 4%0 S(I)O 5;0 6('10 6%0
Wavelength (nm)
Fig. 2 (a) UV—vis spectra of Mn—ZnS QDs (green line) and thiosultap

(red line, maximum absorption at 245 nm). Emission spectra (blue line) of
Mn-ZnS QDs with emission wavelength of 450 nm at excitation
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transfer. The frontier molecular orbital theory can be used to
explain the quenching mechanism, as shown in Fig. 2b. The
electrons of QDs migrated from valence band to conduction
band under light excitation. The blue fluorescence was emit-
ted from QDs when excited electrons returned to ground state.
In the presence of thiosultap, QDs-doped COFs@MIP
interacted with thiosultap via hydrogen bonds, resulting in
charge transfer. The thiosultap UV—vis absorption band at
245 nm approached the Mn—ZnS QDs conduction band gap.
This made it possible that excited electrons in the highest
occupied molecular orbital (HOMO) jumped directly to the
lowest unoccupied molecular orbital (LUMO) of thiosultap,
which made the fluorescence quench.

The imprinting efficiency and affinity of QDs-doped
COFs@MIP for thiosultap was dependent on the quantity of
functional monomers. The molar ratio of template to APTES
was also important because it determined the number of rec-
ognition sites. An evaluation and optimization of template—
functional monomer—cross-linker molar ratios (1:300:600,
1:400:800, 1:600:1200, 1:800:1600) was performed. The im-
printing factor (IF) was used to determine the optimal molar
ratio with which the QDs-doped COFs@MIP had the highest
adsorption capacity. Table 1 indicates that the highest adsorp-
tion capacity and the strongest molecular recognition were
observed for a thiosultap—APTES-TEOS molar ratio of
1:600:1200.

Characterization

The morphologies of QDs-doped COFs@MIP, COFs, and
Mn—ZnS QDs were characterized with SEM and TEM. In
Fig. 3a, the black dots uniformly dispersed in the TEM image
of Mn—ZnS QDs had 5-nm diameters. The SEM image of
COFs in Fig. 3b revealed a multi-branched flowerlike mor-
phology. The SEM image in Fig. 3¢ of QDs-doped

Conduction Band
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Table 1 Optimization of the

molar ratio of thiosultap and Thiosultap APTES TEOS
APTES
1 300 600
1 400 800
1 600 1200
1 800 1600

KSV, QDs-grafted COFs@MIP KSV, QDs-grafted COFs@NIP IF

0.0091 + 0.0001 0.0067 £+ 0.0005 1.35 £ 0.02
0.0174 £ 0.0004 2.59 £ 0.06
0.0342 + 0.0004 4.59 £ 0.07
0.0145 £ 0.0002 2.15+0.03

COFs@MIP revealed a uniform, highly spherical morphology
with 20—40-nm diameters and rough surfaces, which was con-
sistent with the TEM image of QDs-doped COFs@MIP
(Fig. 3d). Their BET surface areas were 186.2 m* g ', which
were much higher than those of NIP (45.4 m” g™"). The supe-
rior surface adsorption capacity of QDs-doped COFs@MIP
reflected its uniform and nanoscale structure.

To further explore the positive effect of COF, more char-
acterization by the combination of FT-IR, TGA, DTG, and
XRD was conducted. The results are shown in Fig. S1. The
results of equilibrium isotherms of thiosultap adsorption on
QDs-doped COFs@MIP and QDs-doped COFs NIP are pre-
sented in Fig. S2. Also, the effect of shaking and incubation
time on the fluorescence intensity and adsorption amounts
were investigated. The results are shown in Fig. S3.

Fig. 3 (a) TEM images of Mn-
ZnS QDs. (b) SEM images of
COFs. (¢) SEM images and (d)
TEM image of QDs-doped
COFs@MIP

L i oo 82 0: n s :

The determination of thiosultap

In SFLD, the fluorescence intensity decreased as the concentra-
tion of thiosultap increased (Fig. 4a). The QDs-doped
COFs@MIP exhibited linear fluorescence quenching at the
excitation/emission wavelength of 450 nm/360 nm versus
thiosultap concentrations in the low range of 5-100 pg L™,
where Fo/F =0.0342[C] +0.905, with R>=0.9959 (Fig. 4b).
For the control, R? for NIP was 0.7891, with Fy/F =
0.0066[C] + 0.915. The limit of detection (LOD) was calculated
as 1.6 ug L by using the formula LOD = 30/Ksv, where o is the
SD of tested blank with six repetitions. The low LOD of
1.6 ug L satisfied the limited standard of GB 2763-2016.
Compared with SFLD, the indirect SUVD presented
a linear relationship between absorbance at the

il
1.00um
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Fig. 4 (a) Fluorescence emission spectra of QDs-doped COFs@MIP with the addition of the indicated thiosultap concentrations ranging over 5—
100 ug L' (inset—excitation spectra of QDs-doped COFs@MIP with a maximum at 360 nm). (b) The Stern-Volmer plot in SFLD

wavelength of 245 nm and thiosultap concentration over
a high range of 200-2500 mg L' with a LOD of
31 mg L' (more details are shown in the Electronic
Supplementary Material). Therefore, the direct SFLD
and indirect SUVD had significant difference in the de-
termination of thiosultap. The determination modality of
SFLD had an even lower LOD of 1.6 pug L' and was
selected for its superior sensitivity.

Recyclability, repeatability, and reproducibility
The recyclability, repeatability, and reproducibility of QDs-

doped COFs@MIP were investigated, and the results are pre-
sented in Fig. S5.

Ksv

Thiosultap Monosultap Bensultap

Cartap Thiocyclam

Fig. 5 (a) Quenching constant of QDs-doped COFs@MIP to thiosultap
and structural analogues in SFLD (inset—fluorescence changes for
thiosultap and structural analogues with increased concentrations). (b)
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Selective adsorption of thiosultap

Cartap, bensultap, thiocyclam, and monosultap were used
as structural analogues (Fig. S6) to verify selective adsorp-
tion of thiosultap on QDs-doped COFs@MIP. Figure 5a
(inset) shows that for SFLD, there were more significant
fluorescence changes for thiosultap with increased concen-
tration than for the structural analogues. The SF were 5.86,
5.78, 9.03, and 8.27 for monosultap, thiocyclam,
bensultap, and cartap, respectively. Hence, QDs-doped
COFs@MIP was very selective for thiosultap in shape,
size, and spatial distribution due to the template sites.
Furthermore, in Fig. 5b, the QIF of thiosultap were
19.66, whereas those of monosultap, thiocyclam,
bensultap, and cartap were 3.24, 3.10, 2.33, and 2.62,

b 80
I QDs-doped COFs@MIP

Il QDs-doped COFs@NIP

Q(mgg?)

Thiosultap MonosultapThiocyclam Bensultap Cartap

Adsorption capacities for thiosultap and structural analogues on QDs-
doped COFs@MIP and QDs-doped COFs @NIP in SUVD. (The concen-
trations of thiosultap and the structural analogues were 100 mg L")
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Table2 Recoveries of thiosultap for spiked samples (1 =3)

corresponding to thiosultap in tap water was observed by
SFLD. For three different spiked levels, 86.53-106.45% re-

Method Added Found Recovery RSD
(g L™ (ug L™ (%) (%) coveries were obtained for SFLD with RSD values less than
5.36%, indicating an accredited accuracy for trace thiosultap
SFLD 0 - - - detection. Furthermore, other literature reports concerning the
50 45.21 90.42 5.18 nereistoxin-related insecticide detection are summarized in
70 60.57 86.53 424 Table 3. Compared with other methods for the nereistoxin-
90 95.81 106.45 256 related insecticide detection, the SELD has low detection limit

respectively. The QSF were 6.26, 6.30, 8.57, and 7.45,
respectively, for the structural analogues. Thus, the
imprinted QDs-doped COFs@MIP exhibited highly selec-
tive recognition for thiosultap.

Analysis of spiked samples

The ability to quantify a spiked thiosultap concentration in a
real sample was examined, as shown in Table 2. No response

and exhibits high selectivity.

Conclusion

Optosensing detection of thiosultap based on a COF-
supported MIP with a core of Mn—ZnS QDs was demonstrat-
ed. In particular, the direct sediment fluorescence determina-
tion was demonstrated and applied to the analysis of thiosultap
in tap water with high precision and accuracy. However, the
need for working in the UV makes the probe prone to

Table 3  An overview on recently reported nanomaterial-based optical methods for the determination of nereistoxin-related insecticide

Methods Target LOD Linear range Sample Recovery (%) Reference

Colorimetry using UV—vis spectrosco-  Cartap 0.04 mg kg ' 0.05-0.6 mg kg ' Cabbage, tea  71.8-104.0  [24]
py based on direct using of AuNPs (40 ug L (50-600 pg L™

The visual and colorimetric Total 40 ug kg ! 50-250 pg kg ! Tea, kiwifruit, 61.0-105.0  [2]
determination nereistoxin-related (40 pg LY (50250 pg LY rice,
based on the unmodified AuNPs insecticides cabbage

LC-MS/MS method based on a Thiosultap sodium, 0.1 pg kg’ 0.001-0.5 mg/kg Pepper 58.0-87.0 [5]
reversed-phase Cg column thiocyclam, and 0.1 pg LY (1-500 pg LY
(150 mm x 4.6 mm x 5 pum) nereistoxin

GC-FPD-S method based on a capillary Monosultap 0.01 mg kg' 0.1-30 pg mL™ Tomato, soil 86.5-101.7  [7]
column (Supelco equity-5, (10 ug LY (100-30,000 pg L™
30 mx 0.25 mm ID, 0.25 um (LOQ)
thickness film)

Electrochemical sensing based on Cartap, bensultap - - - - [25]
electron transfer promotion effect on
an Au electrode

Colorimetric determination using Thiocyclam, 12 ng mL™" 12-140 ng mL™" Environmental 94.0-106.0  [3]
UV-vis spectroscopy based on bensultap, cartap (12 pg L") (12-140 pg L™ water
AuNPs

HILIC-MS/MS method based on HILIC Cartap and its 2 ug kg! 0.5-100 pg kg! Tea 87.6-119.9  [26]
column (150 x 2.1 mm, 5 um metabolite 2 ug Lh (0.5-100 pg LY
particle size)

Colorimetric detection using UV—vis Cartap 0.01 mg L™ 0.1-5 mg L™ Tea beverages 98.3-101.6  [27]
spectroscopy based on AgNP sensor 10 ug LY (100-5000 pg L™

Homogeneous electrochemical Bensultap 69 ng L 0.01-2000 ng L™ Cabbage, apple 86.8-95.3 [8]
detection based on an (0.0069 pg L™ (0.00001-2 pug L")
ultramicroelectrode

Fluorometric determination based on ~ Cartap 3.8 nM 5-300 nM Tap water, 99.2-101.7  [28]
green emitting carbon dots and (0.9006 pg L") (1.185-71.1 pg L") cabbage
AuNPs

Fluorescence sensing and UV Thiosultap 1.6 ug L™ 5-100 pg L™ Tap water 86.53-106.45 This
spectroscopy based on QDs-doped 200-2500 mg L™ paper

COFs@MIP
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interferences by biomatter. The UV light used for fluorescence
excitation will be screened off by UV absorbers and this will
weaken the signal. This advanced sensing material was pre-
pared in a one-pot synthesis and laid the foundation for apply-
ing the determination of thiosultap in complex food matrices.
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