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Abstract

Organophosphorus pesticides can prevent or eliminate various pathogenic bacteria, insects, and weeds, and thus they are widely
applied in agricultural production. However, illegal use and issues with organophosphorus pesticide residues contribute to global
environmental pollution and pose a threat to public health safety. In this study, we developed a sensitive glyphosate (Glyp)
fluorescence detection method using papain-stabilized gold nanoclusters (papain-AuNCs) as the fluorescence probe and a
tyrosinase (TYR)/dopamine (DA) fluorescence-quenching system. The TYR catalyzed the oxidized conversion of DA into
DA chrome, which served as an electron acceptor to quench the fluorescence of papain-AuNCs. However, Glyp inhibited the
activity of TYR, thereby preventing DA oxidization and leading to the fluorescence recovery of papain-AuNCs. Under the
optimum conditions, the fluorescence intensities of papain-AuNCs exhibited a good linear relationship with the concentration of
Glyp in the range of 0.04-0.4 ng'mL ", and the limit of detection for Glyp was 0.035 ng'-mL " Furthermore, a paper-based sensor
was constructed using the proposed system, which enabled on-site visual and semiquantitative detection of Glyp residues in tap-
water samples. Overall, our strategy provides new opportunities for detection of organophosphorus pesticides and evaluation of

environmental security.
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Introduction

Glyphosate (Glyp) is an organophosphorus pesticide with ad-
vantages of high efficacy, wide spectrum, and low cost, and
has become one of the most widely used herbicides in the
world [1]. Despite its low toxicity and small amounts of res-
idues, its extensive use has produced residues in surface wa-
ters in many countries [2]. Moreover, the International
Agency for Research on Cancer under the World Health
Organization considers Glyp a “probable human carcinogen”
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[3]. The intake of Glyp is toxic to human immune and endo-
crine systems. Therefore, detection of Glyp in the environ-
ment is vital and attracts considerable research interest.
Common traditional methods of Glyp detection include liquid
chromatography/mass spectrometry [4], high-performance
liquid chromatography (HPLC) [5], capillary electrophoresis
[6], and electrochemical methods [7]. However, these ap-
proaches often require large, sophisticated instruments and
accompanying high cost, time consumption, and complicated
operations, which limits their practical application. Therefore,
the development of a fast, sensitive, on-site strategy for Glyp
detection is necessary.

Gold nanoclusters (AuNCs) are metal clusters comprising
several to hundreds of gold (Au) atoms and are often several
nanometers in size [8]. With the advantages of large specific
surface area, easy surface modification, and adjustable emis-
sion wavelength, AuNCs outperform traditional organic fluo-
rescent molecules in terms of low toxicity, good biocompati-
bility, and photobleaching resistance [9], leading to their wide
application in the detection of biomarkers, heavy-metal ions,
small biological molecules, and food pollutants [10]. AuNCs
are usually synthesized by the reduction method, where metal

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00216-020-02952-7&domain=pdf
https://doi.org/10.1007/s00216-020-02952-7
mailto:cyhong@jmu.edu.cn

8178

Hong C. et al.

ions and a kind of stabilizer are used as precursors. After the
addition of soft reducing agents, metal ions are reduced into
metal atoms, which then grow into AuNCs. DNA, amino
acids, and proteins are commonly used template molecules
[11], among which proteins have good biocompatibility and
contain various functional groups (e.g. carboxyl, thiol, and
amino groups). These functional groups have a strong affinity
toward metals and serve as protecting ligands for AuNC syn-
thesis [11, 12]. In recent studies, a number of proteases includ-
ing lysozyme [13], horseradish peroxidase [14], and glucose
oxidase [15] have been used for the successful synthesis of
AuNCs. Au clusters, which are protected by proteins, can also
be viewed as conjugates of proteins and Au clusters. They are
equipped with dual-function structures while maintaining the
functions of proteins, and are thereby suitable for biomedical
and environmental applications.

Papain, a kind of cysteine protease with 212 amino acid
residues and molecular weight of 23,406 Da, is extensively
distributed in the roots, stems, and leaves of pawpaw [16].
Papain is characterized by high temperature resistance, easy
hydrolysis, and insensitivity to pH changes, and is thus widely
used in food, environmental, and chemical engineering appli-
cations [17-19]. In the present study, AuNCs were synthe-
sized using papain as the template and reducing agent under
basic pH. A Glyp fluorescence detection method based on a
papain-AuNC/tyrosinase (TYR)/dopamine (DA) system was
constructed using papain-AuNCs as fluorescence signal mol-
ecules. DA can be oxidized to DA chrome, which can quench
the fluorescence of papain-AuNCs under TYR catalysis.
However, Glyp can inhibit the activity of TYR, thereby
preventing DA oxidization and the fluorescence quenching
of papain-AuNCs. The proposed method achieves rapid and
sensitive detection of Glyp by monitoring fluorescence signals
(Scheme 1). Moreover, a fluorescence test paper based on
papain-AuNCs was developed and used for the successful
detection of Glyp in tap-water samples. Overall, the proposed
strategy can serve as a platform for rapid detection of Glyp in
environmental water samples.

Experimental
Chemicals and apparatus

Papain, tyrosinase (TYR), and glyphosate (Glyp) were pur-
chased from Sigma-Aldrich (USA). DA was purchased from
Shanghai Macklin Biochemical Technology Co., Ltd.
(China). Chloroauric acid (HAuCl,-4H,0), soluble starch, D-
glucose, D-fructose, glycine, L-tryptophan, L-glutamic acid,
bovine serum albumin (BSA), and
Tris(hydroxymethyl)methyl aminomethane (Tris) were pur-
chased from Sinopharm Chemical Reagent Co., Ltd.
(China). Nylon 66 filter membrane was purchased from
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Tianjin Jinteng Experimental Equipment Co., Ltd. (China).
All solutions were prepared using ultrapure water (18.2 M{):
cm, Germany). Fluorescence measurements were performed
using an LS55 fluorescence spectrometer (PerkinElmer Ltd.,
USA). Ultraviolet—visible (UV—Vis) absorption spectra were
recorded using a Lambda 265 UV—Vis spectrophotometer
(PerkinElmer Ltd., USA). Transmission electron microscopy
(TEM) was performed using a field-emission Tecnai G2 F30
microscope at 300 kV. The absolute quantum yield was mea-
sured using a steady-state/transient fluorescence spectrometer
FLS980 (Edinburgh Instruments, UK). The gold concentra-
tion of papain-AuNC solutions was measured by inductively
coupled plasma mass spectrometry (Agilent 7700x). Dynamic
light scattering (DLS) data were measured using a Zetasizer
Nano ZS (Malvern Panalytical, Worcestershire, UK).

Preparation of papain-AuNCs

For the preparation of papain-AuNCs, 1 mL of HAuCl,
(5 mM) and 1 mL of papain (13 mg-mL™") were stirred at
37 °C for 10 min. The solution was mixed with 800 uL of
NaOH (0.5 mol-LfI), stirred for 2 min, and reacted for 6 h.
After the white solution slowly changed to brownish yellow, it
was centrifuged with a 3 kDa ultracentrifuge filter at 8000 rpm
(~6797 rcf) for 30 min. Tris-HCI buffer was added to obtain
papain-AuNC solution (~1.40 mM Au), and pH was adjusted
to 7.

Detection of Glyp

Forty microliters of various concentrations of Glyp (0-10 ng
mL ") was mixed with 40 uL of TYR (250 U'mL "), and the
solution was shaken for 30 min at 4 °C. After the addition of
80 uL of 10 mM DA, the solution was incubated for 1 h, and
60 pL of papain-AuNCs was added. The above solution was
diluted to 400 puL with Tris-HCI buffer and shaken continu-
ously for 10 min. The sample was excited at 470 nm to deter-
mine the fluorescence intensity at 650 nm.

Selectivity experiment

For the assay of interfering substances, the TYR and DA sys-
tem was mixed with 30 ng'mL ™' Na*, Mg**, p-glucose, D-
fructose, soluble starch, glycine, L-tryptophan, L-glutamic ac-
id, and BSA, respectively, with fivefold concentrations of
Glyp. Papain-AuNCs were added to the above solution and
shaken for 10 min. The fluorescence intensity was determined
as described above.

Glyp detection in real samples

Tap-water samples were selected as real samples for Glyp
detection. They were initially filtered through a 0.22-pm
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membrane and then diluted 10 times using Tris-HCl buffer. A surface of the test strip. After soaking for 15 min, test strips
series of Glyp solutions with various concentrations (0.1, 0.2,  were wiped clean away from the light and then placed under
and 0.4 ng'mL ") were added. The fluorescence intensity was  ultraviolet (UV) light for Glyp detection.

determined as described above.

Scheme. 1 Schematic of Glyp detection

On-site detection of Glyp using a smartphone Results and discussion

Test strips made of nylon filter were immersed in the prepared ~ Optimization of papain-AuNC synthesis conditions
papain-AuNC solutions for 5 min and dried at room temper-

ature. Then, 100 uL of the reaction solution (a mixture of  Synthesis conditions for papain-AuNCs were optimized, and
20 UmL™! TYR, 2 mM DA, and various concentrations of the effects of NaOH, papain concentrations, reaction time, and
Glyp solutions in tap water) was added dropwise onto the  temperature were investigated experimentally. As illustrated
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Fig. 1 (a) Transmission electron microscopy (TEM) image of papain-AuNCs. Scale bar: 2 nm. (b) UV—Vis absorption and fluorescence emission
spectra of papain-AuNCs. The inset shows the color change of papain-AuNCs with and without UV irradiation
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Fig. 2 Fluorescence intensity of papain-AuNCs incubated with different
(a) TYR concentrations, (b) DA concentrations, and (¢) pH values of the
system. The insets in a, b, and ¢ show the fluorescence color of papain-
AuNCs with UV irradiation. (d) Fluorescence intensity of different

in Fig. S1A (see Electronic Supplementary Material, ESM),
the highest fluorescence intensity of the papain-AuNCs was
observed when the NaOH concentration was 0.5 M. As shown

Wavelength (nm)

systems: papain-AuNCs (black line), papain-AuNCs+TYR + DA (blue
line), and papain-AuNCs+TYR + DA + Glyp (red line). The illustrated
error bars represent the standard deviation of three repetitive
measurements

in Fig. S1B (see ESM), the fluorescence intensity of papain-
AuNCs increased with the increasing concentration of papain
until the fluorescence signal reached a plateau at 13 mg-mL ™.

Table 1 Comparison of various

methods for Glyp determination Method Linear range (ng mL ™) LOD (ng mL™) Real sample Reference

Photoelectrochemical 1.0x101°-1.0x107%) 30 pM - [23]
1.69 x 102-1.69 x 10° 507x107°

Fluorescence (0.025-2.5 ugmL*l) 12 Cereal [24]
25-2500

Fluorescence (0.02-2.0 ugkg ™ (9.8 ng kg™ Apple [25]
0.02-2.0 9.8%107

Fluorescence (0.02-1.5 ug-mLfl) 18.30 Water [26]
20-1.5x 10

Colorimetric (0.002—0.01 ppm) (0.67 ppb) Water [27]
2-100 0.67

Colorimetric (2-200 uM) (1 uM) Water [28]
338-33,800 169

Colorimetric (0.01-0.75 nM) (1.94 pM) Water [29]
1.69 x 10°-0.13 3.28x107*

Fluorescence 0.04-0.4 0.035 Water This work
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Fig. 3 (A) Fluorescence emission spectra of the papain-AuNC/TYR/DA
system in the presence of different concentrations of Glyp (a) blank and
(b—%) 0.04,0.1,0.2,0.3,0.4,1,2,4,6,and 10 ng~mL7', respectively. (B)

Therefore, 13 mg'mL ™" was selected as the optimum papain
concentration for further experiments. As presented in Fig.
S1C and S1D (see ESM), the highest fluorescence intensity
was observed at a reaction time and temperature of 6 h and
37 °C, respectively.

Characterization of papain-AuNCs

The morphology of papain-AuNCs was first characterized by
transmission electron microscopy (TEM). Papain-AuNCs,
with an average diameter of about 4 nm, were well dispersed
(Fig. 1A and ESM Fig. S2A). The small particle size may be
attributed to the stabilization provided by the papain template.
The optical properties of papain-AuNCs were then examined
by fluorescence spectroscopy, which revealed maximum
emission wavelength of 650 nm (Fig. 1B, black line). In ad-
dition, the color of papain-AuNCs illuminated by a fluores-
cent lamp was compared with that illuminated by a 365-nm
UV lamp. Papain-AuNCs showed pink fluorescence under the
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Fig. 4 Selectivity of the method. (a) Fluorescence emission spectra of
papain-AuNC/TYR/DA system in the presence of different contents. (b)
Fluorescence change of papain-AuNC/TYR/DA system with Glyp
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The standard curve of Glyp. The inset shows the linear fitting of the
fluorescence intensity at 650 nm versus Glyp concentrations

irradiation of the UV lamp (Fig. 1B, inset), with absolute
quantum yield of 12.40%, using BaSO, as a standard [20].
The absorption spectrum of the papain-AuNCs displayed
strong absorption in the UV region, with a peak at around
280 nm (Fig. 1B, red line). X-ray spectroscopy analysis of
the papain-AuNCs revealed the presence of peaks for Au
4f;,, at 83.8 eV and for Au 4fs, at 87.4 eV, respectively
(ESM Fig. S2B). Finally, papain-AuNCs exhibited good
photostability and maintained approximately 96% of initial
fluorescence intensity after continuous irradiation for 60 min
(ESM Fig. S3). Taken together, these results suggested that
papain-AuNCs were successfully synthesized.

Feasibility of the experiments

The effects of different concentrations of DA and TYR on
the fluorescence intensity of papain-AuNCs are shown in
Fig. 2a and b. The results indicated that the fluorescence
intensity of the AuNCs did not change significantly within
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(6 ng'mL™") and interfering substances (30 ng'mL "), including Na®*,
Mg>*, p-glucose, D-fructose, soluble starch, glycine, L-tryptophan, L-
glutamic acid, and BSA
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Table 2 Recovery analysis of
Glyp in tap-water samples Tap-water samples ~ Glyp added (ng'mL™")  Glyp recovered (ng'mL™") ~ Recovery (%) RSD (n=3, %)
Sample 1 0.1 0.114 £ 0.005 114 4.39
0.2 0.217 + 0.008 108.5 3.69
0.4 0.405 + 0.012 101.3 2.96
Sample 2 0.1 0.118 + 0.007 118 5.93
0.2 0.197 £ 0.010 98.5 5.08
0.4 0413 £0.017 103.3 4.12
Sample 3 0.1 0.112 + 0.004 112 3.57
0.2 0.218 + 0.008 109 3.67
04 0.389 +0.013 97.3 3.34

a DA concentration range of 0—4 mM and TYR concentra-
tion of 0-30.0 U'mL"". As shown in Fig. 2C, the fluores-
cence signal of the papain-AuNCs increased with increas-
ing pH. Neutral pH was set as 7 because of the polymeri-
zation of DA under an alkaline environment [21]. The
fluorescence intensity of the papain-AuNCs + TYR +
DA + Glyp system (red line in Fig. 2D) increased signifi-
cantly compared with that of the papain-AuNCs + TYR +
DA system (blue line in Fig. 2D), indicating that Glyp
inhibited TYR activity to prevent DA oxidation and the
quenching of papain-AuNC fluorescence.

Optimization of detection conditions

To determine the optimum conditions for Glyp detection,
concentrations of TYR and DA were optimized. As
displayed in Fig. S4A (see ESM), with the increasing con-
centration of TYR, the fluorescence intensity of papain-
AuNCs decreased, and the quenching effect remained un-
changed when the concentration of TYR reached 25 U-
mL™". Considering the inhibition effect of high concentra-
tions of TYR [22], 25 U'mL"" was selected as the optimal
TYR concentration. Fig. S4B (see ESM) showed that when
TYR (25 U'mL ") reacted with different concentrations of
DA (0.2-5 mM), the fluorescence intensity of AuNCs did
not change when the concentration of DA reached 2 mM.
Therefore, 2 mM DA was selected.

Fluorescence detection of Glyp

Glyp inhibited the activity of TYR to prevent the formation of
DA chrome, thereby enhancing the fluorescence intensity.
The fluorescence intensity of the reaction system at 650 nm
was enhanced with increasing Glyp concentrations (0.04—
10 ng'mL™") under optimum reaction conditions (Fig. 3A).
As shown in Fig. 3B, a good linear relationship between fluo-
rescence intensity and Glyp concentrations (0.04-0.4 ng-
mL ") was established. The linear equation was F=151.5 C
(Glypy+ 150.3 with a correlation coefficient R>=0.9944, and
the limit of detection (LOD) calculated by three times the
standard deviation was 0.035 ng'mL™". As listed in Table 1,
the proposed method had a relatively lower LOD than those of
previously reported fluorescence-based detection methods.

Selectivity experiments

The selectivity of the papain-AuNC/TYR/DA system
was evaluated by introducing common co-existing sub-
stances and interfering substances, including Na*, Mg?*,
D-glucose, D-fructose, soluble starch, glycine, L-trypto-
phan, L-glutamic acid, and BSA. As illustrated in
Fig. 4A, the fluorescence recovery induced by Glyp
was not influenced by other interfering substances, indi-
cating that the papain-AuNC/TYR/DA system main-
tained high selectivity to Glyp pesticides among

Table 3 Comparison of the

proposed method with the Methods Glyp added (ng'mL™") Glyp recovered (ng'mL ") Recovery (%)
standard HPLC assay
This work 0.1 0.114 + 0.005 114
0.2 0.217 + 0.008 108.5
0.4 0.405 = 0.012 101.3
HPLC 0.1 0.108 = 0.004 108
0.2 0.198 + 0.006 99.0
0.4 0.428 +0.010 107

@ Springer



Sensitive and on-site detection of glyphosate based on papain-stabilized fluorescent gold nanoclusters 8183

A

Fig. 5 (A) Scheme of the visual detection of Glyp using test strips under
UV illumination. (B) The standard fluorescence card of test strips. (C)
Test strips incubated with different Glyp concentrations (a: blank; b—e:
2.0, 5.0, 25.0, and 50.0 ng~mL7', respectively)

different interfering substances and held the potential for
practical use of real samples (Fig. 4B).

Real sample detection

To verify the practical feasibility of the papain-AuNC/
TYR/DA system, we explored the detection of Glyp in
tap-water samples based on the standard addition method.
A series of Glyp concentrations (0.1, 0.2, and 0.4 ng-
mL™") at equal volumes were added into tap-water sam-
ples, and Glyp was measured using the proposed method.
As listed in Table 2, sample recovery ranging from 97.3%
to 118% was obtained. Moreover, the detected Glyp
levels in tap-water samples agreed with those using
HPLC (Table 3), indicating that the method can be used
for practical applications with satisfactory accuracy.

On-site detection of Glyp using a smartphone

To further expand the practical use of our method, a simple
and portable test strip based on papain-AuNCs was con-
structed (Fig. SA). The AuNC test strip was developed by
dispersing papain-AuNC solution onto the surface of the
test strip. Pale pink fluorescence of the test strip was ob-
served under a 365-nm UV lamp (Fig. 5B). Afterwards, a
series of tap-water samples with different concentrations of
Glyp (2.0, 5.0, 25.0, and 50.0 ng~mL7]) and TYR/DA were
added dropwise onto the test strip and incubated for
15 min. By comparison with the standard fluorescence card

(Fig. 5B), the concentration of Glyp was calculated accord-
ing to the fluorescence color, thereby achieving visual and
semiquantitative detection. It was observed that the color
changed from purple to pink with increasing Glyp concen-
tration (2.0, 5.0, 25.0, and 50.0 ng'mL™") (Fig. 5C). Glyp
with low concentrations resulted in purple fluorescence
[Fig. 5C (a—c)], while high concentrations led to pink fluo-
rescence [Fig. 5C (d and e)]. Furthermore, quantitative
analysis was achieved by capturing test strips with a
smartphone and calculated using ImagelJ software (ESM
Fig. S5). This software split the original RGB photo into
three primary-color image channels (red, blue, and green),
and mean gray values were selected to represent the corre-
sponding fluorescence intensity. As shown in Fig. S6 (see
ESM), the mean gray values in the red channel were pro-
portional to the logarithm of Glyp concentrations in the
range of 2.0-50.0 ng'mL"'. These results demonstrated
that the combination of test strips with a smartphone of-
fered a highly powerful and portable platform for cost-
effective and convenient on-site Glyp detection.

Conclusion

We developed a sensitive and on-site method for Glyp
detection based on the fluorescence change of papain-
AuNCs and the fluorescence-quenching system of TYR/
DA. The formation of DA chrome catalyzed by TYR
quenched the fluorescence of papain-AuNCs. However,
Glyp inhibited the activity of TYR, thereby preventing
DA oxidization and leading to the fluorescence recovery
of papain-AuNCs. Overall, the papain-AuNC/TYR/DA
system provides a novel platform for Glyp detection.
Under optimum conditions, linear calibration was obtain-
ed within the Glyp concentration range of 0.04—0.4 ng-
mL ™', and the LOD was 0.035 ng-mLfl. Moreover, the
approach was applied for the detection of Glyp in tap-
water samples, with results comparable to those using
the HPLC method. We further constructed an AuNC-
based test strip for on-site visual Glyp detection in tap
water using a smartphone and ImageJ software. Taken
together, the proposed method is environmentally friend-
ly, easy to prepare, and cost-effective, holding the poten-
tial for practical use in environmental aqueous solution
and biological sensing processes.
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