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A B S T R A C T   

Glyphosate, a broad-spectrum and high-efficiency herbicide, could accumulate in the human body through the 
consumption of agri-food products. Herein, a ratio fluorescence sensor based on rhodamine B-embedded amino- 
functionalized iron-based metal-organic framework (MOF, NH2-MIL-88(Fe)@RhB) bonded with Cu2+ was 
developed for rapid detection of glyphosate. The synthesized NH2-MIL-88(Fe) was a biconical prism and had a 
cavity for the embedding of RhB as a reference compound. In the presence of Cu2+, Lewis interactions with NH2- 
MIL-88(Fe)@RhB cause the fluorescence signal to be turned off. When glyphosate was added, the signal was 
turned on due to chelation with Cu2+ and hydrogen bonding interactions with NH2-MIL-88(Fe)@RhB. Under 
optimal conditions, the developed sensor exhibited a linear range of 0.60–45 μmol L− 1 with a response time of 
less than 1 min. The sensor was applied in the analysis of agri-food products (tea, soybean, wheat, cucumber), 
with recoveries between 97.93% and 109.06%, indicating its promising application in agri-food safety.   

1. Introduction 

Glyphosate (N-[phosphonomethyl] glycine), a water-soluble, broad- 
spectrum, and high-efficiency herbicide, has been widely used for weed 
control in agricultural production fields since 1974 (Xu, Gu, Guo, Tong, 
& Chen, 2016; Duke, 2018). Glyphosate-resistant crops account for 
about 80% of all genetically modified crops, and the usage of glyphosate 
in the world has reached 825,800 tons per year (Nova, Calheiros, & 
Silva, 2020). Excessive glyphosate spraying in large areas has left resi-
dues in soil and surface water, which have shown to accumulate in 
human bodies through the food chain (Xu, Smith, Smith, Wang, & Li, 
2019; Chang, Lin, Xiao, Chiu, & Hu, 2016). According to some authors, 
glyphosate is considered as an eco-friendly herbicide (Ighalo, Ajala, 
Adeniyi, Babatunde, & Ajala, 2021), and the carcinogenicity of glyph-
osate is inconclusive (Berry, 2020). However, doubts have arisen about 
its safety for human health, and several trials have already begun. 
Genotoxicity studies have revealed that pesticides, like glyphosate, non- 
specifically bind to the genetic material of vertebrates, thereby 
impacting the genetic integrity of native populations (Herek et al., 
2021). Moreover, some studies suggested that glyphosate combined 
with surfactants may injure the vascular endothelium and restrict blood 
circulation (Kimura, Suzuki, Yokoyama, Kanetsuna, & Tanemoto, 

2021). Therefore, it is of great importance to develop a rapid, reliable, 
and efficient analytical method for glyphosate in agri-food products. 

The quantitative analysis of glyphosate is notoriously difficult, due to 
its low molecular weight and ionic character, high polarity, and good 
solubility in water as well as poor solubility in common organic solvents 
(Valle, Mello, Balvedi, Rodrigues, & Goulart, 2019). Conventional 
analysis methods have been applied to the detection of glyphosate, such 
as high-performance liquid chromatography (Li, Zhang, Kong, Qiao, & 
Xu, 2017), liquid chromatography-mass spectrometry (Ding et al., 
2016), gas chromatography-flame photometric (Zhang et al., 2019), and 
ion chromatography (Dovidauskas, Okada, & dos Santos, 2020). 
Although these methods offer high sensitivity, they are not suitable for 
on-site detection as they require additional derivatization processes and 
tedious analysis. Fortunately, methods based on fluorometry or color-
imetry are more rapid and convenient, thus satisfying this demand 
(Guan et al., 2021b). However, due to the absence of fluorophore or 
chromophore groups in glyphosate structures, an intermediate is needed 
to generate a quantitative signal. For example, anti-glyphosate antibody 
(Guan et al., 2021a) and tyrosinase (Hong, Ye, Dai, Wu, Chen, & Huang, 
2020) have been used as intermediates for the fluorescence detection of 
glyphosate. To date, Cu2+-based glyphosate fluorescence sensors have 
showcased promising applications. A coumarin derivative/Cu2+ sensing 

* Corresponding author. 
E-mail address: xfshen@jiangnan.edu.cn (X.-F. Shen).  

Contents lists available at ScienceDirect 

Food Chemistry 

journal homepage: www.elsevier.com/locate/foodchem 

https://doi.org/10.1016/j.foodchem.2022.133446 
Received 28 December 2021; Received in revised form 6 June 2022; Accepted 7 June 2022   

mailto:xfshen@jiangnan.edu.cn
www.sciencedirect.com/science/journal/03088146
https://www.elsevier.com/locate/foodchem
https://doi.org/10.1016/j.foodchem.2022.133446
https://doi.org/10.1016/j.foodchem.2022.133446
https://doi.org/10.1016/j.foodchem.2022.133446
http://crossmark.crossref.org/dialog/?doi=10.1016/j.foodchem.2022.133446&domain=pdf


Food Chemistry 394 (2022) 133446

2

system was developed, with a response time of 5 min and the R2 of 0.990 
(Wang et al., 2020). A turn-off fluorescence sensor based on the CuO/ 
multiwall carbon nanotubes exhibited high selectivity for glyphosate, 
but it requires a 30 min response time (Chang et al., 2016). Typically, 
more than 5 min of response time is required in these Cu2+-based 
detection methods, and the limitation of single emission makes the assay 
susceptible to the complex environment. Therefore, the development of 
a rapid glyphosate detection method with good stability is urgently 
needed. 

Using a built-in reference, a series of stable fluorescent sources is 
incorporated into the sensor to correct the deviation caused by envi-
ronmental influences and different equipment, thus improving the sta-
bility of the sensor. Several ratio probes with double-emission have been 
developed, such as a ratiometric dual lanthanide nanoprobe (Qu, Wang, 
& You, 2020) and double fluorescence quantum dots (Xu, Wei, Shi, Cai, 
Fu, & She, 2019). Moreover, recent studies have shown that the fluo-
rescent characteristics of metal–organic frameworks (MOFs) could be 
used for sensors, and their unique cavities could provide a space for the 
embedding of reference molecules (Liao et al., 2018). Therefore MOFs 
went into sight as a kind of promising materials for fabricating ratio 
fluorescence sensors. For instance, an Eu3+-based MOF was used for 
sensitive detection of tetracycline and L-tryptophan (Chen, Xu, Li, Xu, & 
Zhang, 2021; Li et al., 2021). A dual-emitting mixed-lanthanide MOF 
was constructed for ratio fluorescence sensing of Fe3+ and ascorbic acid 
(Yu et al., 2021). 

In this work, we aimed to develop a MOF-based ratio fluorescence 
sensor for rapid glyphosate detection with high stability. More specif-
ically, we developed a ratio fluorescence sensor based on NH2-MIL-88 
(Fe)@RhB/Cu2+ for rapid glyphosate detection. Glyphosate directly 
enhanced the fluorescent signal of NH2-MIL-88(Fe), thereby shortening 
the response time. Cu2+ was selected as an intermediate to enlarge the 
linear range, and the small molecule, RhB, was embedded into the NH2- 
MIL-88(Fe) in order to correct the interference from the environment 
and equipment. The as-developed ratio fluorescence sensor offers a 
feasible platform for the practical analysis of agri-food products. 

2. Experiment 

2.1. Chemicals and reagents 

All reagents were of analytical grade. Standard glyphosate was 
purchased from Aladdin Biochemical Technology Co., Ltd. (Shanghai, 
China). Rhodamine B and organic nitrogen- and phosphorous-based 
pesticides were purchased from Macklin Biochemical Technology Co., 
Ltd. (Shanghai, China). FeCl3, 2-amino-1,4-benzene dicarboxylate (NH2- 
BDC), dichloromethane, glacial acetic acid, and metal ions were ob-
tained from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China). 
Ultrapure water was purchased from Wahaha Group Co., Ltd. (Hang-
zhou, China). 

2.2. Instrumentation 

All fluorescence spectra were collected via an F-7000 fluorescence 
spectrophotometer (Hitachi, Japan). The excitation and emission slit 
widths were 5 nm. The excitation wavelength was 382 nm. The 
morphology, structure, chemical groups, and elements of the materials 
were characterized by an SU8100 scanning electron microscope (SEM) 
(Hitachi, Japan). A D2 PHASER X-ray diffractometer (XRD) (Bruck AXS, 
Germany), an IS10 FT-IR spectrometer (Nicolet, USA), and Scientific K- 
Alpha X-ray photoelectron spectroscopy (XPS) (Thermo, USA), 
respectively. 

2.3. Design of the NH2-MIL-88(Fe)@RhB/Cu2+ ratio fluorescence sensor 
for glyphosate 

The NH2-MIL-88(Fe)@RhB was prepared from NH2-BDC, FeCl3, and 

RhB by the hydrothermal method (Fig. 1A). NH2-BDC was chosen as the 
organic linker since amino-functionalized MOFs have been used for 
fluorescence detection of metal ions and organic substances with 
carboxyl groups. The dual-emitting fluorescence was constructed by 
embedding RhB into the cavity of NH2-MIL-88(Fe) in order to eliminate 
the interference from the environment and equipment. Cu2+ was chosen 
as a quencher since Cu2+ as a common Lewis acid can accept electron 
pairs from the amino group, which acts as a Lewis base. Then, we 
applied NH2-MIL-88(Fe)@RhB/Cu2+ for fluorescence detection of 
glyphosate from agri-foods (Fig. 1B). The strong chelation between Cu2+

and two oxygen atoms and one nitrogen atom from glyphosate created 
the competition in coordination with NH2-MIL-88(Fe), thus generating a 
recovering of the fluorescence signal. Moreover, the hydrogen bonding 
interaction between the amino group from NH2-MIL-88(Fe)@RhB and 
the carboxylic acid from glyphosate further enhanced the fluorescence 
signal. The fluorescent signal originating from RhB, a stable molecule, 
remained constant, and the ratio of the two distinct emission peaks was 
recorded as the analytical signal. 

2.4. Synthesis of NH2-MIL-88(Fe)@RhB 

NH2-MIL-88(Fe) was prepared according to a previous study, with 
some modifications (Zhang, Li, & Zhang, 2021). FeCl3 (0.692 mmol) and 
NH2-BDC (0.692 mmol) were added into 15 mL dimethylformamide 
solution of glacial acetic acid (3.50 mmol). After stirring at room tem-
perature for 30 min, the mixture was transferred into a Teflon-lined steel 
autoclave and heated at 130 ◦C for 24 h. After cooling to room tem-
perature, the mixture was centrifuged at 8000 r/min and washed with 
DMF/ethanol. The particles were collected and dried overnight under 
vacuum at 60 ◦C. The synthesis of NH2-MIL-88(Fe)@RhB was similar to 
that of NH2-MIL-88(Fe), except for the addition of RhB to the precursor 
solution, and the reaction time was correspondingly extended to 72 h. 

2.5. Fluorescence response to Cu2+ and glyphosate 

In a typical procedure, 2.5 mg NH2-MIL-88(Fe)@RhB was added to 
100 mL PBS buffer (pH 5.0, 0.1 mol L− 1), and a uniform dispersion so-
lution was obtained after 20 min sonication. Afterwards, Cu2+ (0–60 
μmol L− 1) or glyphosate (0–30 μmol L− 1) was added into the above 
solution, and the fluorescence intensity of NH2-MIL-88(Fe)@RhB was 
recorded at an excitation wavelength of 382 nm. 

2.6. Detection of glyphosate by NH2-MIL-88(Fe)@RhB/Cu2+ sensor 

The specific detection of glyphosate by NH2-MIL-88(Fe)@RhB/Cu2+

was as follows: a solution of PBS buffer (0.1 mol L− 1, pH = 5.0) with 
NH2-MIL-88(Fe)@RhB (2.5 × 10− 2 g L− 1) and Cu2+ (50 μmol L− 1) was 
prepared. After stirring for 1 h, glyphosate (0–50 μmol L− 1) was added to 
the above solution. The fluorescence intensity was recorded with an 
excitation wavelength of 382 nm. Then, a standard curve for glyphosate 
was constructed, and the correlation coefficient was calculated. The 
limit of detection (LOD) was calculated using the mean fluorescence 
intensity of the blank control (in the absence of glyphosate) plus three 
times the value of the standard deviation. 

In order to optimize the sensor, the pH of the sensor was changed 
using PBS buffer of pH 4–10. Different concentrations of NH2-MIL-88 
(Fe)@RhB (0.5, 1.0, 2.5, 5.0, 7.5, and 10.0 × 10− 2 g L− 1) were added to 
investigate the influence of NH2-MIL-88(Fe)@RhB. The reaction time 
was optimized by detecting the fluorescence intensity in 5 min, and the 
interval time was 1 min. In these experiments, the ratio of the fluores-
cence intensity at 433 nm to that at 578 nm (I433/I578) before and after 
the addition of glyphosate was recorded, and the difference in I433/I578 
(△I433/I578) was calculated for optimization. 
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2.7. Analysis of real samples 

Agri-food products (tea, soybean, wheat, cucumber) were obtained 
from a local supermarket and stored at 4 ◦C before analysis. Dried 
samples (25 g) were extracted with 125 mL of distilled water for 30 min 
shaking. Then, the sample was centrifuged (10 min, 4500 r/min). For 
high-protein samples, such as soybean, 100 μL HCl was added, vortex- 
oscillated for 1 min, and centrifuged for 5 min. Then, 15 mL of the su-
pernatant was extracted with 15 mL dichloromethane by vortexing for 2 
min followed by centrifugation for 5 min. Finally, the pH of the extract 
was adjusted with PBS buffer (pH 5.0, 0.1 mol L− 1). The mixture was 
subsequently filtered through a 0.45-μm membrane for glyphosate 
detection. Different concentrations (5 and 10 μmol L− 1) of glyphosate 
standard solutions were added into these four samples and were detec-
ted by the proposed method. Each sample was measured five times. 

3. Results and discussion 

3.1. Characterizations of NH2-MIL-88(Fe)@RhB 

The prepared NH2-MIL-88(Fe) particles (Fig. 2A), as indicated in the 
SEM images, have biconical prism structures with about 500 nm elon-
gation of the octahedra, which is similar to previous reports (Asmar, 
Baalbaki, Khalil, Naim, Bejjani, & Ghauch, 2021). In addition, the 
morphology of NH2-MIL-88(Fe)@RhB (Fig. 2B) was similar to that of 
NH2-MIL-88(Fe), indicating that the introduction of the RhB molecule 
did not influence the lattice structure of NH2-MIL-88(Fe). The XRD 
diffraction peaks of NH2-MIL-88(Fe)@RhB (Fig. 2C) show that the 
crystal structure changed very little after doping with RhB. The crystal 
structure was well-defined and had the same diffraction peaks as the 
simulated NH2-MIL-88(Fe) (Liédana, Lozano, Galve, Téllez, & Coronas, 
2014). 

The XPS spectrum of NH2-MIL-88(Fe)@RhB (Fig. 2D) shows peaks 
located at 284.0, 399.3, 531.1, and 711.1 eV, which were ascribed to C 
1 s, N 1 s, O 1 s, and Fe 2p, respectively. These peaks prove the existence 
of Fe atoms and N atoms in the composite. The spectrum of Fe 2p 
(Fig. 2E) contained two peaks, relating to Fe 2p3/2 (711.0 eV) and Fe 
2p1/2 (724.4 eV), corresponding to the binding energy of Fe (III). In the 
case of N 1 s (Fig. 2F), the peaks centered at 399.3 eV and 401.5 eV were 

ascribed to the C–N/N–H and N–C––O of the amino groups from the 
NH2-BDC (Zhao et al., 2020). 

3.2. Fluorescence response and possible mechanism of NH2-MIL-88(Fe) 
@RhB 

The fluorescence spectrum of NH2-MIL-88(Fe)@RhB exhibited two 
distinct emission peaks located at 433 nm and 578 nm, originating from 
NH2-MIL-88(Fe) and RhB, respectively (Fig. S1). First, we tested the 
quenching of the NH2-MIL-88(Fe)@RhB by Cu2+. The fluorescence at 
433 nm was gradually quenched with the addition of Cu2+, and this was 
likely due to the interaction of Cu2+ with amino groups exposed on the 
surface of the nanocomposite (Duan & Huang, 2017). The quenching 
effect of NH2-MIL-88(Fe)@RhB was linearly correlated with the con-
centration of Cu2+. Moreover, the emission intensity at 578 nm for RhB 
was not significantly affected, which suggests that our strategy of the 
ratio fluorescence sensor is viable and accurate. 

Next, we investigated the change in fluorescence due to the inter-
action of glyphosate with NH2-MIL-88(Fe)@RhB. An increase in the 
fluorescence intensity at 433 nm and a 15-nm red shift were observed 
after adding glyphosate (Fig. S2). This enhancement is mainly due to the 
hydrogen bonding interactions between the amino group from NH2-MIL- 
88(Fe)@RhB and the carboxylic acid from glyphosate. Most reported 
fluorescence probes are based on the quenching effect of Cu2+ to detect 
glyphosate. Our developed NH2-MIL-88(Fe)@RhB probe directly 
enhanced the fluorescence signals by glyphosate. In addition, the char-
acteristic emission of the RhB remained nearly unchanged. The fluo-
rescence enhancement effect of NH2-MIL-88(Fe)@RhB was linearly 
correlated with the concentration of glyphosate, indicating that the 
fluorescence sensor based on NH2-MIL-88(Fe)@RhB is a promising 
candidate for glyphosate analysis. 

Based on the “on-off” sensing strategy mediated by Cu2+ and the 
enhancement mechanism directly induced by glyphosate, we developed 
the NH2-MIL-88(Fe)@RhB/Cu2+ fluorescence sensor. Digital photos 
under UV light at 365 nm (Fig. 3A) show that the fluorescence was 
quenched by adding Cu2+ and then was enhanced by adding glyphosate. 
Consistent with the digital photos, the addition of 50 μmol L− 1 Cu2+

produced a 37% quenching effect. After adding 45 μmol L− 1 glyphosate, 
the fluorescence was enhanced by 192%. Furthermore, the fluorescence 

Fig. 1. Schematic diagram of (A) construction of NH2-MIL-88(Fe)@RhB/Cu2+ ratio fluorescence sensor, and (B) application for detection of glyphosate.  
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intensity at 578 nm was not significantly affected by Cu2+ or glyphosate. 
To explain the above experimental results, the FT-IR spectra of NH2- 

MIL-88(Fe)@RhB before and after the addition of Cu2+ were recorded 
(Fig. 3B). In the FT-IR spectrum of NH2-MIL-88(Fe)@RhB, the charac-
teristic peak at 3416 cm− 1 was attributed to the stretching vibration of 
the –OH group. The peaks at 1652 and 855 cm− 1 were assigned to the 
deformation vibrations of N–H and the peak at 523 cm− 1 was attributed 
to Fe. Remarkably, the peaks assigned to the amino group in NH2-MIL- 
88(Fe)@RhB disappeared after adding Cu2+, which confirmed the 
combination of Cu2+ and –NH2, which were exposed on the NH2-MIL-88 
(Fe)@RhB (Fig. S3). 

Based on our experimental results and a previous study (Guan et al., 
2021b), the existence of glyphosate could increase the fluorescence on 

account of the strong chelation between Cu2+ and two oxygen atoms and 
one nitrogen atom from glyphosate, leading to the competition in co-
ordination with NH2-MIL-88(Fe) (Fig. S3). To verify this assumption, 
the Cu 2p narrow scan XPS spectra of NH2-MIL-88(Fe)@RhB/Cu2+

before (Fig. 3C) and after (Fig. 3D) the addition of glyphosate were 
investigated. The peak at 952.2 eV, assigned to Cu 2p1/2, was shifted to 
952.7 eV in the presence of glyphosate, which demonstrates the stronger 
bonding capacity of glyphosate with Cu2+, compared to the NH2-MIL-88 
(Fe). 

The N 1 s narrow scan XPS spectra of NH2-MIL-88(Fe)@RhB/Cu2+

before (Fig. 3E) and after (Fig. 3F) the addition of glyphosate were also 
recorded. The N 1 s spectrum can be fitted into two peaks, representing 
C–N/N–H and N–C––O, respectively (Zhang et al., 2021). Comparing 

Fig. 2. SEM images of the synthesized (A) NH2-MIL-88(Fe) and (B) NH2-MIL-88(Fe)@RhB. (C) XRD patterns of the simulated NH2-MIL-88(Fe) and the synthesized 
NH2-MIL-88(Fe)@RhB. (D) XPS survey spectra of NH2-MIL-88(Fe)@RhB. Narrow scan spectra of (E) Fe 2p and (F) N 1 s. 
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the spectrum before and after adding Cu2+, the content of C–N/N–H 
dropped from 72.4% to 70.9%, suggesting that the Cu2+ interfered with 
the amino groups exposed on the NH2-MIL-88(Fe)@RhB, and this result 
is in accordance with the results of FT-IR analysis. However, with the 
addition of glyphosate to NH2-MIL-88(Fe)@RhB/Cu2+, the content of 
N–C––O increased from 29.1% to 39.4%, corresponding to hydrogen 
bonding interactions between the amino groups with lone pair electrons 

exposed on NH2-MIL-88(Fe)@RhB and the carboxylic acid from glyph-
osate (Fig. S3). 

3.3. Optimization of conditions for glyphosate detection 

Glyphosate contains carboxylic acid groups, which are deprotonated 
in alkaline conditions, therefore, pH always influences the sensitivity of 

Fig. 3. (A) Fluorescence spectra of NH2-MIL-88(Fe)@RhB (curve a), NH2-MIL-88(Fe)@RhB/Cu2+ (curve b), and NH2-MIL-88(Fe)@RhB/Cu2+ + GLY (curve c, 
glyphosate 45 μmol L− 1). Inset: Digital photos under UV light at 365 nm. (B) The FT-IR spectra of NH2-MIL-88(Fe)@RhB with and without Cu2+. The Cu 2p (C) and 
N1s (E) narrow scan XPS spectra of NH2-MIL-88(Fe)@RhB/Cu2+, and the Cu 2p (D) and N1s (F) narrow scan XPS spectra of NH2-MIL-88(Fe)@RhB/Cu2+ after 
adding glyphosate. 
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glyphosate detection (Wang, Liu, Yuan, & Ma, 2016). Thus, the ratio of 
the fluorescence intensity of NH2-MIL-88(Fe)@RhB/Cu2+ at 433 nm to 
that at 578 nm (I433/I578) in the pH range of 4.0–10.0 was investigated 
(Fig. 4A). When the pH increased from 4.0 to 5.0, the difference in I433/ 

I578 (△I433/I578) increased to 4.1 and remained stable in the range of 
5.0–7.0. When the pH was higher than 7.0, △I433/I578 decreased. The 
maximum I433/I578 was obtained at pH 5.0, thus, the following experi-
ments were performed at pH 5.0. 

The concentration of the probe directly affected the intensity of the 
fluorescence, thus affecting the sensitivity and precision of the sensor. 
The I433/I578 of NH2-MIL-88(Fe)@RhB/Cu2+ upon the concentration of 
NH2-MIL-88(Fe)@RhB at 0.5, 1.0, 2.5, 5.0, 7.5, 10.0 was investigated 
(Fig. 4B). As the concentration of NH2-MIL-88(Fe)@RhB increased, an 
increasing trend in I433/I578 was observed. The maximum △I433/I578 
was obtained at 2.5 × 10− 2 g L− 1 (6.6), but when the concentration of 
NH2-MIL-88(Fe)@RhB was over 2.5 × 10− 2 g L− 1, the value of △I433/ 
I578 declined to 4.0. Thus, the interaction between glyphosate and NH2- 
MIL-88(Fe)@RhB /Cu2+ was more prominent at 2.5 × 10− 2 g L− 1. 

To assess the influence of the reaction time on the fluorescence in-
tensity of NH2-MIL-88(Fe)@RhB/Cu2+, we observed the change in I433/ 
I578 over 5 min (Fig. 4C). No substantial differences in the ratio 
enhancement were observed. To be consistent, 1 min was chosen as the 
reaction time for the following studies. 

3.4. Method validation 

To evaluate the reliability and efficiency of the optimized method, 
we subsequently investigated the detection of glyphosate. As shown in 
Fig. 5A, with increasing glyphosate concentration, the fluorescence in-
tensity increased significantly at 433 nm in conjunction with a 15-nm 
red shift. Simultaneously, the fluorescence intensity of RhB showed 
very little change during the experiments. The fluorescence ratio of I433/ 
I578 shows a good linearity for glyphosate at 0.6–15 μmol L− 1 (R2 =

0.9977) and 15–45 μmol L− 1 (R2 = 0.9987) (Fig. 5B), and in the linearity 
at the concentration of 0.6–15 μmol L− 1, the sensor had a good sensi-
tivity (I433/I578 = 0.2681X + 6.3939). The LOD for glyphosate was 0.18 
μmol L− 1. 

Moreover, we estimated the selectivity of the sensor for glyphosate 
(25 μmol L− 1), compared to other organic nitrogen- and phosphorous- 
based pesticides (chlorpyrifos, paclobutrazol, thimet, parathion, 
parathion-methyl, fenthion, phosalone, phoxim, 2.5 mmol L− 1) 
(Fig. 5C). As expected, there was no significant enhancement of the ratio 
in I433/I578, except for the addition of glyphosate, and this indicates high 
selectivity of the sensor. The selectivity of the sensor for glyphosate (25 
μmol L− 1), compared with other pesticides (chlorpyrifos, paclobutrazol, 
thimet, parathion, parathion-methyl, fenthion, phosalone, phoxim, 2.5 
mmol L− 1), was further analyzed (Fig. 5D). Even in the presence of these 
similar-structured pesticides, the NH2-MIL-88(Fe)@RhB still showed a 
200% fluorescent enhancement from glyphosate, further confirming the 
high selectivity of the sensor. 

In Table S1, we compare our sensor with other methods for glyph-
osate detection found in the literature. The sensor presented here has the 
notable advantage of short response time (less than 1 min). Moreover, 
we embedded RhB into the cavity of the NH2-MIL-88(Fe) to eliminate 
the interference from the environment and equipment and enhance the 
stability of the sensor. The sensitivity and accuracy of the sensor are also 
satisfactory, demonstrating its potential application for on-site detection 
of glyphosate for food safety. 

3.5. Application in real samples 

The applicability and reliability of the proposed method were further 
assessed by determining glyphosate in four agri-food products (tea, 
soybean, wheat, cucumber). The average of five measurements is shown 
in Table 1 and Fig. S5. Glyphosate was found in soybean at 5.26 μmol 
L− 1. The recovery of glyphosate was 97.93%–109.06% (RSD < 8.4%), 
indicating that the developed ratio fluorescence sensor is a reliable 
platform for quantitative detection of glyphosate in agri-food products. 

Fig. 4. Ratio of NH2-MIL-88(Fe)@RhB fluorescence intensity at 433 nm to 578 
nm with different (A) pH values of the system, (B) probe concentrations, and 
(C) time. The illustrated error bars represent the standard deviation of three 
repetitive measurements. 
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4. Conclusion 

In summary, we developed a rapid ratio fluorescence sensor based on 
NH2-MIL-88(Fe)@RhB–Cu2+ bonding to analyze glyphosate in agri-food 

products (tea, soybean, wheat, cucumber). The embedding of RhB into 
the cavity of the NH2-MIL-88(Fe) eliminated the interference from the 
environment and the equipment, resulting in enhanced stability of the 
sensor. Moreover, our developed method has the advantages of a short 
response time, and reveals a good performance with high selectivity for 
glyphosate. Due to the fast response and visible fluorescence of the 
material, NH2-MIL-88(Fe)@RhB/Cu2+ provides an efficient detection 
method for glyphosate, with great potential as an on-site detection 
sensor for food safety. 
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Fig. 5. (A) Fluorescence spectra of NH2-MIL-88(Fe)@RhB/Cu2+ (2.5 × 10− 2 g L− 1) in PBS buffer (0.1 mol L− 1, pH = 5.0) upon gradual addition of glyphosate (0–45 
μmol L− 1). (B) The linear range of glyphosate. (C) Selectivity of NH2-MIL-88(Fe)@RhB/Cu2+ (2.5 × 10− 2 g L− 1) to glyphosate (25 μmol L− 1) and other pesticides (2.5 
mmol L− 1). Insets: Digital photos under UV light at 365 nm. (D) Ratio changes of fluorescence intensity between 433 nm and 578 nm by glyphosate (25 μmol L− 1) in 
the absence and presence of other pesticides (2.5 mmol L− 1). 

Table 1 
Detection of glyphosate in agri-food products.  

Samples Added (μmol 
L− 1) 

Found (μmol 
L− 1) 

Recovery 
(%) 

RSD (n = 5) 
(%) 

Tea 0 ND1  —  — 
5 5.30  105.93  5.8 
10 10.91  109.06  8.4 

Cucumber 0 ND  —  — 
5 5.31  106.15  1.7 
10 10.23  102.33  1.9 

Soybean 0 5.26  —  3.1 
5 9.90  97.93  4.5 
10 14.85  98.49  2.4 

Wheat 0 ND  —  — 
5 5.29  105.80  1.6 
10 9.90  98.95  0.9 

ND1: Not detected. 
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