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Abstract: Due to the massive use and abuse of pesticides, practices which have led to serious threats
to human health, the research community must develop on-site and rapid detection technology of
pesticide residues to ensure food safety. Here, a paper-based fluorescent sensor, integrated with
molecularly imprinted polymer (MIP) targeting glyphosate, was prepared by a surface-imprinting
strategy. The MIP was synthesized by a catalyst-free imprinting polymerization technique and
exhibited highly selective recognition capability for glyphosate. The MIP-coated paper sensor not
only remained selective, but also displayed a limit of detection of 0.29 pmol and a linear detection
range from 0.5 to 10 umol. Moreover, the detection time only took about 5 min, which is beneficial
for rapid detection of glyphosate in food samples. The detection accuracy of such paper sensor was
good, with a spiked recovery rate of 92-117% in real samples. The fluorescent MIP-coated paper
sensor not only has good specificity, which is helpful to reduce the food matrix interference and
shorten the sample pretreatment time, but it also has the merits of high stability, low-cost and ease of
operation and carrying, displaying great potential for application in the on-site and rapid detection
of glyphosate for food safety.

Keywords: molecular imprinting; paper sensor; glyphosate; pesticide residues; rapid detection

1. Introduction

Glyphosate is a non-selective broad-spectrum organophosphorus herbicide, with
high polarity and low volatility [1,2], which is widely used in agriculture, forestry, urban
planning, household weeding, and vegetation control [3], particularly in soybeans [4],
corn and cotton, due to its low cost and capacity for mass production [5]. The current
global production of glyphosate exceeds 800,000 tons per year [6]. Glyphosate is highly
resistant to degradation due to the presence of inert C-P bonds in the molecule [7]. Previous
studies have suggested that glyphosate poses little harm to animals. However, due to the
massive use and abuse of glyphosate, its levels are seriously exceeding the adsorption
and degradation capacity of the environment and the substance has been detected in land
water and marine water [8,9]. Recent studies have shown that glyphosate has endocrine
toxicity, neurotoxicity and cytotoxicity [10], which can affect the human cardiovascular
system [6,7]. In March 2015, the International Agency for Research on Cancer (IARC, Lyon,
France), a department of the World Health Organization (WHO), classified glyphosate as
“probably carcinogenic to humans” [11]. Because of the toxicity of glyphosate, its residual
limit standards have been set globally, for example at 0.1-5 mg kg ! for cereals, oils and
fruits in China [12]; 0.05-30 mg kg ! for cereals and animal-derived products by the Codex
Alimentarius Commission [13]; 20-200 mg kg ~! for soybean related products by the US
Food and Drug Administration [4]. Therefore, it is urgent for us to develop new techniques
to simply and rapidly detect glyphosate residues in food and environment.
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The detection of glyphosate, as reported in the literature, mainly relies on traditional
chromatographical analytical methods [14]. These have high accuracy and good repro-
ducibility, but their sample pretreatment is complex, professional, and time-consuming [15];
moreover, their detection cost is high, and the detection environment is limited, so it is
difficult to achieve rapid detection on site. Rapid detection methods are easy to operate,
low-cost, and simple to maintain and run. For glyphosate detection, there are enzyme inhi-
bition methods [16], immunoassay methods [17,18], and electrochemical biosensors [19-21].
Although these methods are sensitive, fast and high-throughput, they need biomolecules
(e.g., enzymes, antibodies and aptamers) to recognize glyphosate [22], causing issues of
poor stability and reproducibility, high-cost and relative long incubation time [11,23].

To solve the above issues of the rapid detection methods, the creation of nanocompos-
ites in polymers to recognize target analytes has attracted many researchers [24,25], and
various optical and electrochemical sensors have been developed based on different poly-
mer matrix. A molecularly imprinted polymer (MIP) is a kind of polymer with pre-designed
nanocavities for the specific recognition of target molecules. Known as the artificial anti-
body or receptor, they can be used as substitutes for biological macromolecules [26-30]. For
instance, a MIP for glyphosate recognition was created on a gold nanoparticle-modified
glass electrode surface, showing a detection limit of 92 ng mL~! and recovery rate of
98%~101% [31]; a paper-based colorimetric analysis device was established using Mn-ZnS
quantum dots-embedded MIP targeting glyphosate, giving a detection limit of 2 ng mL !
with a recovery rate of 81-120% [15]. Due to the low cost, ease of carrying, good capillary
force, environment-friendly nature and good biocompatibility, paper material has become
an excellent carrier for developing rapid detection technology in the fields of food safety
and environmental protection [16,32]. Furthermore, coffee ring is a phenomenon when
dropping a liquid on the paper. Its formation mechanism is based on the capillary force
and liquid evaporation [33], which can be utilized for the enrichment of targets to improve
detection sensitivity [34].

In this work, a fluorescent MIP-based paper sensor was designed for on-site and
rapid detection of glyphosate. The MIP would be constructed by a catalyst-free imprinting
strategy using amino-functionalized silane as the functional monomer, which can interact
with glyphosate through its carboxyl and phosphonic acid groups by strong hydrogen
bonds. By such strategy, it will be easy to obtain MIPs with high selectivity due to the
elimination of the detrimental effect of the catalysts [35,36]. The fluorescent glyphosate-
imprinted polymer would be coated on the aldehyde-modified paper surface firmly by
Schiff base covalent bonds with the amine-functionalized silane in the pre-polymerization
mixture to fabricate a stable and sensitive fluorescent paper sensor. This was expected to
display high selectivity, low detection limit and high accuracy.

2. Materials and Methods
2.1. Reagents and Apparatus

(3-Aminopropyl)triethoxysilane (APTES, >99%), 3-[2-(2-aminoethyl amino) ethylamino]-
propyltrimethoxysilane (AAPTMS, 95%), tetraethyl orthosilicate (TEOS, >99%), fluorescein
isothiocyanate (FITC, >96%), and glutaraldehyde were all purchased from Shanghai Macklin
Biochemical Co., Ltd. (Shanghai, China). N-[3-(Trimethoxylsilicone) propyl] ethylenedi-
amine (AAAPTMS, 95%) was purchased from Aladdin Industrial Corporation (Shanghai,
China). Anhydrous ethanol (>99.7%) and disodium hydrogen phosphate dodecahydrate
(NapHPO4-12H,0, >99%) were bought from Sinopharm Chemical Reagent Co., Ltd. (Shang-
hai, China). Glyphosate (96%), 2,4-dichlorophenoxyacetic acid (2,4-D, 96%), chlorpyrifos (96%),
and imidacloprid (96%) were provided by the Nanjing Red Sun Group Co., LTD. (Nanjing,
China). Purified water was taken from the Hangzhou Wahaha Group Co., LTD. (Hangzhou,
China). Double-ring quantitative filter paper was obtained from Hangzhou Wohua Filter
Paper Co., LTD. (Hangzhou, China).

Materials morphology was measured on a Zeiss Sigma HD scanning electron mi-
croscope (Oberkohen, Germany). UV-vis absorption spectra were recorded with a Yoke
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UV759 UV /vis spectrophotometer (Shanghai, China). A Darkbox UV analyzer ZF-20D was
purchased from Shanghai Guanghao Analytical Instrument Co., LTD. (Shanghai, China).
Fluorescent tests for liquid samples were carried on a fluorescence spectrophotometer
of FP97pro produced by Shanghai Lingguang Technology Co., LTD. (Shanghai, China).
Fluorescence tests for solid samples were performed on an inverted microscope of WSF300
from Guangzhou Microdomain Optical Instrument Co., LTD. (Guangzhou, China).

2.2. Synthesis of Fluorescent Monomers

The fluorescent monomers of APTES-FITC, AAPTMS-FITC, and AAAPTMS-FITC
were synthesized according to the methods reported in the literature reported [35]. Briefly,
FITC (3.9 mg, 0.01 mmol) was dissolved in 2 mL pure ethanol by stirring at room tempera-
ture; then, APTES, AAPTMS, or AAAPTMS (0.01 mmol) were added andthe purple color
of the solution changed to bright yellow quickly. After stirring for 24 h, the solvent was
removed under vacuum evaporation. The products were a thick yellow liquid and used for
the polymerization without further purification.

2.3. Synthesis of Fluorescent MIPs

The synthetic procedure includes following steps: (1) dissolve the template into the
co-solvent of water/ethanol (20 mL/12 mL) under magnetic stirring; (2) introduce the
functional monomer into the mixture and stir for 10 min; (3) add the fluorescent functional
monomer in ethanol into the mixture and stir for another 10 min at room temperature;
(4) drop the crosslinker of TEOS (3 mmol) into the mixture slowly and leave the mixture
to undergo stirring at room temperature for 48 h. The detailed contents of the mixture
were shown in Table 1. After polymerization, the MIPs were collected by centrifugation
(9000 rpm, 10 min) and washed by ethanol to remove the unreacted chemicals. The template
in the MIPs was removed by the phosphate buffer (100 mM, pH 8.5). The template removal
needed to be washed at least five times, each time using 30 mL phosphate buffer, and so the
total volume of the phosphate buffer was about 150 mL. The HPLC method could be used
to check if there were glyphosate in the washing solution to confirm whether the template
had been removed completely or not. After template removal, the MIPs were washed with
pure water three times and ethanol three times in tandem before drying. Non-imprinted
polymers (NIPs), the control polymers of MIPs, were prepared under the same conditions
as their MIPs, except for the absence of the template.

Table 1. Content of the polymerization mixture for MIP particles.

Template, Functional Monomer, Fluorescent Functional Monomer,
Polymer Name
0.1 mmol 0.6 mmol 2 umol
MIP1 Glyphosate APTES APTES-FITC
NIP1 / APTES APTES-FITC
MIP2 Glyphosate AAPTMS AAPTMS-FITC
NIP2 / AAPTMS AAPTMS-FITC
MIP3 Glyphosate AAAPTMS AAAPTMS-FITC
NIP3 / AAAPTMS AAAPTMS-FITC

Note: TEOS in the content is 3 mmol.

2.4. Preparation of Fluorescent MIP Coated Paper (MIP@P)

The quantitative filter paper was firstly cut into a circle with a diameter of 2.5 cm
and modified with aldehyde groups through the APTES. The filter paper was modified
with an amino group in 1% APTES/ethanol (6 h), followed by an aldehyde group in
2.5% glutaraldehyde aqueous solution (4 h). Then, the filter paper was immersed into the
pre-polymerization mixture before adding TEOS ( reagent, concentration and time used
here were the same as that in Section 2.3). After stirring for 15 min, TEOS was added and
the polymerization system was stirred for 4 h. Finally, the filter paper was washed with
ethanol and water in tandem to remove the unreacted chemicals, and the template in the
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MIP-coated paper (MIP@P) was removed using the phosphate buffer (100 mM, pH 8.5).
The control materials of the NIP-coated paper (NIP@P) were prepared under the same
conditions as the MIP@Ps in the absence of the template. The paper sensors were dried
and stored in dark conditions at room temperature.

2.5. Fluorescence Test of MIP Particles

The MIP particles at certain concentrations (0.01-0.5 mg mL~!) were dispersed in a
2 mL phosphate buffer (10 mM, pH 8.0), which was stirred at room temperature. The initial
fluorescence signal (Fy) was measured using a spectrofluorometer (excitation wavelength of
471 nm, emission wavelength of 513 nm) before adding testing molecules. The fluorescence
signal (F) was collected after adding the testing molecules into the cuvette. The selectivity
of MIP to glyphosate was estimated by the imprinting factor (IF), a value which that was
calculated with the following equation:

_ AFmrp

IF =
AFyrp

M

where AFyp and AFyyp are the ratios of the fluorescence change on MIP to NIP when
meeting glyphosate; the fluorescence change was calculated by the equation as follows:

_Fo—F

AF
Fo

()

where Fy is the initial fluorescence intensity and F; is the fluorescence intensity after adding
the test molecule.

A series of glyphosate concentrations in the range of 0.5 to 20 pM were added into the
testing system containing MIP or NIP. After stirring for 5 min, the fluorescence signal at
517 nm was collected under the excitation wavelength of 471 nm. Each experiment was
repeated independently at least three times. Standard curves were created by plotting the
fluorescence changes to glyphosate concentrations.

2.6. Fluorescence Test of the Fluorescent Papers

The fluorescence signal of the fluorescent paper sensor was measured on a fluorescence-
inverted microscope. The fluorescence signal was measured after dropping the sample
(20 pL) with different concentrations of glyphosate onto the center point of the paper
sensor, which carried different molar amounts of glyphosate (0.1, 0.5, 1, 5, 8, 10 umol). Each
experiment was repeated independently five times.

2.7. Specificity Tests of MIP1 and MIP@P

A suspension of MIP1 (0.05 mg mL~!) was prepared by dispersing MIP1 particles
in a 2 mL phosphate buffer (10 mM, pH 8.0). Then, the testing pesticides of glyphosate,
imidacloprid, 2,4-D, or chlorpyrifos were separately added into the system, with a final
concentration of 10 uM. The fluorescence signals were measured before and after adding
the test molecule to calculate the fluorescence changes. Each experiment was repeated
independently at least three times.

The fluorescence signals of MIP@P were measured on the fluorescence inverted micro-
scope and collected before and after dropping different pesticides (glyphosate, imidacloprid,
2,4-D, or chlorpyrifos) onto the center point of the paper sensor. Each experiment was
repeated independently five times.

The specificity of MIPs to glyphosate was estimated by the cross-reactivity factor that
was calculated by the following equation according to our previously reported method [35,37].

AFMIP( glyphosate)

®)

Cross-reactivity factor =
AFMIP(other testing molecule)
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where AFyi1p(glyphosate) and AFMIp(other testing molecule) are the ratios of the fluorescence change
on MIP, assessed using glyphosate and other testing molecules to the carry out the experi-
mental tests, respectively.

2.8. Application in Real Samples

Tap water and soybean samples were selected for testing the detection accuracy of the
MIP@P by measuring the recovery rates of the spiked glyphosate. The sample pretreatment
procedure was performed according to the method the literature reported [38]. Three
parallel trials were used to produce the average value in order to obtain the detection result.

3. Results and Discussion
3.1. Preparation of MIP@P

To prepare a more stable MIP-coated paper sensor, aldehyde groups were modified
onto the paper surface to react with the amino group residues in MIP through the Schiff
base reaction. As shown in Figure 1a, the amino groups were firstly modified on the paper
by APTES to make NH2@P, which was further grafted with aldehyde groups through the
covalent reaction between the amino groups and aldehyde groups in glutaraldehyde to ob-
tain CHO@P. Then, a catalyst-free imprinting strategy was used for imprinting glyphosate
onto the paper surface [39]. Because the residual aldehyde groups on the paper can react
with the abundant amino-functionalized silane in the pre-polymerization mixture through
the Schiff base reaction, the final MIP layer could be covalently and stably modified onto
the paper. Amino-functionalized silane was used as the functional monomer and also
acted as the initiator to catalyze the sol-gel polymerization, and FITC was used as the
fluorophore to report the recognition event quantitatively. The molar ratio of template
molecule, functional monomer and crosslinker was set as 1:6:30, based on the optimized re-
sult reported in the literature [35,36]. Finally, the fluorescent glyphosate-imprinted polymer
was coated onto the paper surface by immersing the paper into the polymerization mixture
directly. After template removal, the fluorescent paper sensor of MIP@P was obtained. In
addition, a very simple analytical method (Figure 1b) was established by the use of the
coffee ring phenomenon. By dropping the sample at the center of the paper sensor, the
target glyphosate was selectively captured and enriched at the center, and the interferences
were brought to the paper edge by the capillary force, which is beneficial for eliminating
sample matrix interference.

To investigate which amino-functionalized silane is more suitable for imprinting
glyphosate, three MIPs, together with their corresponding NIPs, were prepared by using
APTES, AAPTMS or AAAPTMS as the functional monomers independently (Table 1).
Their selectivity was evaluated by the popular IF values, where a higher IF value means
that the MIP has better selectivity [39]. From Figure 2, it can be seen that MIP1 gives a
better selectivity (IF = 1.5-7.6) than MIP2 (1.0-3.5) and MIP3 (1.3—4.4) at most polymer
concentrations. Such results indicate that different amino-functionalized silanes do can
affect the selectivity of MIP [33]. However, the exact reason for this was not clear, but
it will be an interesting question to explore by performing more experiments, including
molecular simulation. Moreover, it was found that the selectivity evaluation based on IF
values can be significantly affected by the polymer concentration because the recognition
event reporter is dependent on molecular diffusion in essence [40]. As the IF value of MIP1
at the concentration of 0.05 mg mL~! showed the highest IF value (7.6), this experimental
condition was chosen to perform the specificity tests, and the pre-polymerization mixture
of MIP1 was employed for preparing the fluorescent MIP-coated paper sensor.
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Figure 1. Preparation of fluorescent MIP@P for specific recognition of glyphosate (a) sensitively
based on the coffee ring phenomenon (b).

Figure 2. Fluorescence response of the MIPs (MIP1, MIP2 and MIP3) and NIPs (NIP1, NIP2 and
NIP3) to glyphosate (10 uM) at different concentrations.
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3.2. Characterization

All the paper materials were firstly characterized by IR to check if every synthetic
step was successful. As shown in Figure 3a, it is surprising to find that all the five papers
display almost the same IR peaks, except for their different absorbance intensity, suggesting
the IR signals of the supporting paper covered or overlapped with those of the post-
modified materials. The characteristic IR peak groups of 3332-3272 cm ™1, 2966-2866 cm ™!,
1638 cm ™!, 1452-1203 cm ™!, 1160-898 cm !, and 702-434 cm !, were derived from the
chemical groups vibration of OH/NH (stretching), CH (stretching), OH/NH (bending),
CH (bending), C-O/Si-O (stretching), and OH\NH\CH (bending), respectively, most of
which can be attributed to the chemical groups contained in cellulose.

(b) I
1160-898 Treated Wlth ninhydrin

1452-1203 02434

1638

Visual color image

Visual fluorescence image

4000

EHT= 300KV
WD= 10.3 mm

T
3200

Signal A= SE2

Mag= 100X

2400 1600 800 P  NH2@P CHO@P NIP@P MIP@P

Wavenumber (cm™)

EHT= 300KV Signal A= SE2 EHT= 3004V Signal A= SE2 Date: 6 Dec 2022
Aperture Size = 30.00 pm

Aperture Size = 30.00 ym WD=105mm Mag= 100X

EHT= 300KV
WD= 10.3 mm

Signal A= SE2
Mag= 2000KX

Signal A= SE2
Mag= 2000KX

Date: 6 Dec 2022
Aperture Size = 30.00 ym

Figure 3. (a) IR spectra of P, NH2@P, CHO@P, NIP@P and MIP@P; (b) Visual color and fluorescence
(excitation light of 365 nm) images of P, NH2@P, CHO@P, NIP@P and MIP@P, the first three paper
materials were treated with ninhydrin in ethanol; (¢) SEM images of P, NIP@P and MIP@P.

Simple and low-cost methods were used for checking the synthetic performance. One
is ninhydrin-based color detection of amine or amino groups. From Figure 3b, it is very
clear to see that, when the paper (P) before being grafted with amino groups was treated
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with ninhydrin, the paper remained its original white color and blue fluorescence; when
using ninhydrin to treat NH2@P, the paper showed a dark blue color and no fluorescence,
demonstrating that APTES was successfully modified on the paper. Then, the NH2@P
was reacted with excessive glutaraldehyde to prepare CHO@P, which was treated with
ninhydrin and showed white color, not blue color, and blue fluorescence, confirming that
all the amino groups on NH2@P had reacted with the aldehyde groups and that CHO@P
had been obtained successfully. In addition, it was also easy to judge the MIP or NIP has
been grafted onto CHO@P evenly in view of their even yellow color images or yellow-green
fluorescence (Figure 3b).

The morphologies of MIP@P and NIP@P, as well as the naked paper, were character-
ized by SEM (Figure 3c). It was clear to see both were MIP and NIP coated onto the paper
surface successfully and firmly because their surface became rough. After polymer coating,
the cellulose skeleton structure of the paper still maintained three-dimensional structure,
and the coating layer was very thin, being less than 1 um. In addition, it could be seen that
the coating layer on MIP@P was more uniform than that on NIP@P, which also contains
some sub-microspheres and nanospheres.

3.3. Selectivity and Specificity of MIP@P

The fluorescence-responsive behavior of MIP@P was investigated, as well as its control
material. From Figure 4, it is clear to see that MIP@P exhibited a larger fluorescence change
than NIP@P to glyphosate at all testing molar amounts, giving IF values in the range of
1.8-2.0, lower than most of the glyphosate imprinted sensors shown in Table 2, particularly
electrochemical sensors (IF = 2.8-14.5), but comparable with the fluorescent sensors (IF =
1.9-2.9) [41-43].

0.8+

0.7

—=— MIP@P
—s— NIP@P

0 2 4 6 8 10
Glyphosate (umol)

Figure 4. Fluorescence-responsive behaviors of MIP@P and NIP@P when compared to different
amounts of glyphosate.
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Table 2. Performances of MIPs for sensing glyphosate.

MIP

IF

Cross-
Reactivity
Factor

Analysis Time

LOD

Linear Range

Ref.

Guanidinium
dyes-based
fluorescent MIP
particle
MIP@Au
electrochemical
sensor
MIP@nanotube
electrochemical
sensor
MIP
nanoparticle-coated
electrochemical
sensor
Fluorescent MIP
mesoporous silica
particles
Mn-ZnS QDs-based
MIP-modified paper
sensor
Graphene QDs-based
fluorescent MIP
nanoparticle
MIP-based
microfluidic
electrochemical
sensor
Inorganic framework
MIP-based on Ni
nanorod arrays
Polypyrrole MIP
electrochemical
sensor
MIP@ Au and
Prussian Blue
electrochemical
sensor
Polypyrrole
MIP-based
gravimetric and
electrochemical
sensors
Polypyrrole
MIP-based
electrochemical
surface plasmon
resonance Sensor
Fluorescent MIP
silica particle
Fluorescent
MIP-coated paper
sensor

1.9

14.5

29

2.8

7.6

2.0

21,21

7.9,43.5,14.5

41,58,6.1,8

1.4

2,21,43,4

2.0,82,57

2.0,15,28

2 min

30 min

5 min

2-3 min

5 min

15s

18 min

10 min

30 min

5 min

5 min

5 min

48/0.6 uM

59 x 107 nM

11.4 nM

4.0nM

1.45 uM

11.83 nM

0.1nM

247/188 nM

3.1 nM

1.6 UM

0.5 uM

1pM

1.1/34nM

0.41 uM

0.29 umol

7.9-40.8 uM

1.8 x 1073-296 nM

14.8-2071 nM

0.025-500 mM

5-55 uM

29.6 nM-296 uM

0-800 pM

0-50 pM

0.01-1 uM

0.03-4.73 uM

24-7.1 uM

1 pM-1nM

0.05-0.5 mM

0.5-20 pM

0.5-10 umol

[41]

[44]

[21]

[45]

[42]

[15]

[43]

[46]

[47]

[48]

[31]

(50]

This work

This work
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To further study the molecular recognition capability of MIP@P, three commonly used
pesticides (imidacloprid, 2,4D, and chlorpyrifos) were selected to evaluate the specificity of
MIP@P and MIP1, the latter of which was used as a positive control material. As shown
in Figure 5a, it could be seen MIP@P showed the most fluorescence-responsive signal to
glyphosate among the four testing pesticides, giving the cross-reactivity factors of 2.0 (2,4-
D), 1.5 (CHL), and 2.8 (IMI). These values were lower than those of the interaction between
MIP1 and glyphosate (Figure 5b), which were calculated to be 2.0 (2,4-D), 8.2 (CHL), and
5.7 (IMI). Such reduced specific recognition capability phenomenon, when changing MIP
particles to be paper-supported MIP layers, could be explained by the increased non-specific
fluorescence response, which was confirmed by the larger fluorescence response of NIP@P
than NIP1 (Figure 5).

b .
[ IMIP@P (b) - [ Imirpl
[_Inip@p ] [ INIPI
0.20
&c
+ & 015
&

0.0

GLY

. 0.10+
0.054
| i [
T 0.00 T 1
HL LY 2,4-D

2,4-D C IMI G CHL IMI

Figure 5. Fluorescence response of MIP@P and NIP@P (a), and MIP1 and NIP1 (b) to the test-
ing pesticides. GLY, glyphosate; 2,4-D, 2,4-dichloro-phenoxyacetic acid; CHL, chlorpyrifos; IMI,
imidacloprid.

3.4. Application in Real Samples

To investigate the applicability of the developed fluorescent MIP-coated paper sensor
in real samples, we prepared tap water and soybean samples which were spiked with
glyphosate with different concentrations. After adding the samples onto the fluorescent
paper sensor, the result could be obtained within 5 min.

Because the liquid sample dropped onto the paper center will spread to the paper
side, during which time the liquid will evaporate quickly, it is hard to maintain the analyte
concentration at a certain value. However, the molecular molar amount is fixed. Moreover,
after the analytes were captured by the MIP@P, the liquid samples could be dropped
repeatedly onto the paper to enlarge the fluorescence signal change. To accurately describe
the performance of this fluorescent MIP paper sensor, in this manuscript we therefore used
the analyte amount instead of analyte concentration to show the analytical parameters,
including the limit of detection and linear detection range. From Figure 6a, it can be seen
that the paper sensor displays a linear curve in the range of 0.5-10 umol with a detection
limit of 0.29 pmol (equal to 14.5 mM in 20 puL extracted liquid from solid sample). Although
the detection limit was not the lowest among the reported glyphosate sensors, it is still
applicable for testing glyphosate in some real samples. For example, FDA sets a residual
limit of 20-200 mg kg ! for soybean-related products (after solvent extraction, glyphosate
residue in the liquid sample is at mM level). In addition, researchers should consider
testing the glyphosate concentration in the pesticide products.
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Figure 6. (a) Linear curve created by plotting fluorescence response of MIP@P towards glyphosate
to its molar amount. (b) Spiked recovery rates of the developed fluorescent MIP@P sensor for the
detection of the spiked glyphosate in tap water and soybean samples.

The spiked recoveries of glyphosate in the tap water and soybeans were measured
to be 92-111% and 100-117%, respectively, giving a total spiked recovery in the range of
92 to 117%, suggesting such MIP-based fluorescent paper sensors had a high accuracy.
Additionally, the cost of one piece of the fluorescent MIP-coated paper was around 0.6 RMB
and were therefore much cheaper than the commercial glyphosate test strip (30 RMB
per piece).

4. Conclusions

In this work, fluorescent MIPs targeting glyphosate were prepared using three kinds of
amino-functionalized silanes as functional monomers based on the catalyst-free imprinting
polymerization. Under the experimental conditions, the fluorescent MIP prepared by
APTES showed a better selectivity than the MIPs with the use of AAPTMS and AAAPTMS.
Thus, the imprinting polymerization mixture based on APTES was successfully used
for the easy production of fluorescent MIP-coated paper sensor. Such fluorescent paper
sensor could specifically recognize glyphosate rapidly (in 5 min) with a detection limit of
0.29 umol, and it also had a much lower producing cost. However, although the fluorescent
MIP-coated paper sensor was constructed successfully, there are still much work required
before it the products can become efforts to devote commercially available, such as in
paper size and fluorophore types, both of which can affect the sensitivity obviously; in
pre-polymerization contents, which can affect the selectivity; in polymerization conditions
that will determine the coating layer morphology and affect the detection speed and
sensitivity, etc.
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