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Abstract: At present, pesticides are widely used in the cultivation of crops. Glyphosate is widely
used in many pesticides. Glyphosate ingestion can cause a series of health problems. Therefore,
this paper proposes to use localized surface plasmon resonance (LSPR) technology to develop a
WaveFlex biosensor (plasma wave-based optical fiber sensor) to detect glyphosate concentration
in pesticides. The evanescent field is improved by using the fusion of seven-core fiber and
single-mode fiber and the tapering of the sensing area to improve the sensing performance. The
gold nanoparticles (AuNPs) are used to excite the LSPR effect. Multi-walled carbon nanotubes
(MWCNTs) and cerium oxide nanorods (CeO,-NRs) are used to increase the surface area and
promote the adhesion of the enzyme. The sensitivity of the sensor is 137.7 pm/uM in the range
of 0-60 uM glyphosate concentration, and the limit of detection (LoD) is 1.94 uM, which has
good performance in compared to the existing biosensors. Subsequently, the sensor was tested
for reusability, reproducibility, selectivity, stability, and excellent results were obtained. Finally,
the sensor is tested on real samples, and the results show that it can be applied in practical
applications. The test findings demonstrate that the sensor has a great deal of potential for use in
glyphosate content detection in food samples.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Monitoring food safety is crucial for the safety and well-being of human life, as well as for
promoting sustainable social and economic growth. The issue of food safety has attracted more
and more attention in recent years. As the source of food, the production process is particularly
important. Pesticide residues are the most important food hazards in the production process and
the biggest problem of food safety [1]. The unreasonable use and residue of pesticides pose a
great threat to people ‘s health. Intake of food containing pesticide residues may lead to acute and
chronic poisoning, causing cancer, neurasthenia and other diseases [2,3]. Moreover, pesticide
residues can cause serious pollution to the environment [4]. Although the use of pesticides can
cause many harms, the non-use of pesticides will reduce crop yields and bring diseases and pests
to crops [5]. Therefore, it is imperative to develop a tool for detecting pesticide residues.
Among many pesticides, glyphosate is widely used because of its broad spectrum and selectivity
[6]. However, glyphosate has the characteristics of extremely soluble in water [7], and has a long
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half-life in water, so it will flow with the water to various places, causing great harm to aquatic
ecosystems and humans. Glyphosate mainly binds to the 5-enolpyruvylshikimate-3-phosphate
synthase (EPSP) enzyme in plants [8], thereby inhibiting its catalytic reaction and causing plants
to fail to synthesize amino acids normally. It affects protein synthesis, which also leads to the
lack of basic materials for life activities in plants. Plants cannot grow and develop normally, and
eventually die. The harm of glyphosate to the human body is mainly through the inactivation of
acetylcholinesterase in the human body [9], resulting in the weakening of the human nervous
system, resulting in respiratory system, metabolic system and other dysfunction [10]. Some
studies have also pointed out that glyphosate is metabolized to carbamate (AMPA) and so on [11].
AMPA can adversely affect the mitochondrial function and DNA synthesis of cells, and may
be related to some potential cytotoxicity, mutagenicity and carcinogenicity [12,13]. The World
Health Organization (WHO) states that there is no more than 5.32 pM of glyphosate in drinking
water [14]. Therefore, a biosensor for the detection of trace glyphosate can be developed to
rapidly detect the concentration of glyphosate in water and crops to contribute to human health.

At present, methods such as Gas Chromatography [15], (High Performance Liquid Chromatog-
raphy) HPLC [16], (Enzyme-Linked Immunosorbent Assay) ELISA [17], (Inductively Coupled
Plasma Mass Spectrometry) ICP-MS [18] and electrochemical sensor [19] are mainly used to
detect glyphosate. Because glyphosate has the characteristics of extremely soluble in water,
long half-life, and poor fluorescence absorption [20], traditional methods require pretreatment.
Methods such as HPLC require high-end equipment and professional skills. Different from the
above methods for detecting glyphosate, fiber-based biosensors have the characteristics of simple
operation, small size, and no pretreatment, and their excellent anti-electromagnetic interference
characteristics can reduce the impact of the surrounding environment [21]. Zhang et al. proposed
a biosensor based on U-shaped fiber for the detection of acetylcholine, which has high sensitivity
[22]. Singh et al. developed a LSPR-based biosensor using gold nanoparticles (AuNPs) and
MXene materials to detect tyramine concentration [23], with a detection limit of 6.96 uM. It can
be seen that the fiber-based biosensor has high sensitivity and excellent detection limit, which is
very suitable for detecting trace glyphosate.

Localized surface plasmon resonance (LSPR) technology is an optical sensing technology
based on the surface plasmon resonance effect of metal nanoparticles (MNPs). When the
frequency of the incident light is consistent with the frequency of the free electron oscillation
in the MNPs, the interaction leads to the collective oscillation of the surface electrons [24],
triggering the resonance phenomenon. In the field of biosensors, LSPR technology has the
advantages of excellent catalytic performance, label-free, and good biocompatibility [25,26],
reducing potential interference factors. Good biocompatibility enables nanomaterials to interact
with substances without causing significant toxicity or damage [27]. In this way, LSPR technology
can be applied in the fields of biomolecular interaction and material recognition. According to
the relevant literature, the use of nanomaterials can enhance the resonance effect of biosensors
[28], which can better to detect the interaction of biomolecules.

In recent years, nanomaterials have flourished for the development of agricultural biosensors.
Multi-walled carbon nanotubes (MWCNTSs) have become one of the hot research topics due
to their outstanding physical and chemical properties [29]. MWCNTs have excellent electrical
conductivity [30,31], allowing electrons to flow unimpeded inside, thereby achieving high
electrical conductivity. MWCNTs also have high chemical stability [32], which can resist
oxidation and corrosion of many chemicals, so they can be durable. These properties make them
widely used in the field of sensors. Every year, the world produces abundant cerium rare earth
metals [33], a large number of which are made into cerium oxide nanoparticles (CeO,-NPs).
It can be seen that CeO,-NPs have become popular nanomaterials. Similarly, cerium oxide
nanorods (CeO,-NRs) exhibit good thermal stability at high temperatures [34,35], which makes
it not affected by ambient temperature. In the material interaction, CeO,-NRs has high sensitivity
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[36], which can effectively promote the interaction between molecules adsorbed on its surface.
The above two nanoparticles (NPs) have high specific surface area and abundant surface-active
sites, which can effectively enhance the intensity of LSPR resonance signal. This surface
enhancement effect can improve the sensitivity and detection limit of the sensor, so that the
LSPR technology can detect low concentration target molecules. In addition, MWCNTs can
be used as an adsorbed CeO,-NRs platform because it has a conjugated structure showing a
strong hydrophobic surface [37]. The coupling of MWCNTs and CeO,-NRs is the combination
of metal oxides and carbon-based materials, which is conducive to the improvement of sensing
performance [38].

In this work, a hump-shaped WaveFlex biosensor was developed using single-mode fiber
(SMF) and seven-core fiber (SCF). The sensor is based on the LSPR principle and uses AuNPs
to excite the resonance effect. MWCNTs and CeO,-NRs were used to characterize the fiber
to improve the sensing performance. Finally, the performance of the sensor is evaluated. The
selectivity, repeatability, stability, reusability and pH of the sensor were tested. The sensitivity of
the sensor is 137.7 pm/uM, the limit of detection (LoD) is 1.94 uM .The results showed that the
sensor had a significant effect on the detection of trace glyphosate.

2. Experiments
2.1. Materials and reagents

The hump-shaped fiber is made of single-mode fiber (SMF, 9/125 um) and seven-core fiber (SCF,
6.1/125 um), purchased from Shenzhen, China and the United Kingdom, respectively. AuNPs
were synthesized using tetrachloroauric acid (HAuCly) and sodium citrate. The fiber was washed
with acetone, Piranha solution and deionized water, respectively. AuNPs were immobilized by (3-
mercaptopropyl) trimethoxysilane (MPTMS). N, N-dimethylformamide (DMF) solution was used
to prepare MWCNTSs solution, and N-methyl-2-N-pyrrolidone (NMP) solution was used to prepare
Ce0,-NRs solution. Glyphosate was purchased from McLean, China, and horseradish peroxidase
(HRP) was purchased from Sigma-Aldrich, Shanghai. Paraoxon, 2,4-dichlorophenoxyacetic acid,
lindane and atrazine were purchased locally.

2.2. Instruments and measurements

In order to make the sensor’s high precision and accuracy, the sensor is developed by high
precision instrument. The fiber optic fusion splicer machine (FSM, Japan) was used to fuse SMF
and SCF, and the 3SAE combiner manufacturer system (CMS, USA) was used to taper the hump-
shaped fiber. The absorption peak of AuNPs was determined by UV-Visible spectrophotometer
(Hitachi-3310) to determine the morphology of nanoparticles. The microscopic distribution
of NPs was observed by high resolution transmission electron microscopy (HR-TEM). The
nanoparticle coating on the fiber surface was characterized by scanning electron microscopy
(SEM).

2.3.  Sensing principle of the probe

When light is incident from the optically dense medium to the optically sparse medium, total
internal reflection (TIR) occurs when the incident angle exceeds the critical value. When the light
has completed TIR at the interface between the cladding and the core, a small part of the light
will pass through the interface and then propagate back to the core along the interface between
the core and the cladding. In this process, part of the energy will pass through the boundary in a
very short time and decay rapidly in the region near the boundary. This optical field is called the
evanescent field, and the generated wave is called the evanescent wave (EWs). The evanescent
field can excite the LSPR effect with AuNPs on the surface of the fiber, resulting in an absorption
peak related to the refractive index (RI) [39]. However, the energy in the evanescent field extends
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to the medium in the form of exponential decay, and decays to almost no energy after a certain
distance from the boundary. This distance is called penetration depth defined as [40]:

d, = 1 (1)

[2 2
27\ [ng,sin6 — n?,

Here, d, is the penetration depth, A is the incident wavelength, n, is the RI of the core, n
is the cladding RI, 6 is the incident angle of light at the interface between the cladding and the
core. Moreover, it is difficult for traditional optical fibers to generate strong evanescent fields,
which limits the development of sensors. There are two main methods to improve the evanescent
field: (i) fiber fusion with different core diameters and (ii) core diameter thinning. In this work,
SMF-SCF-SMF and tapering of the fiber core, both are used to increase the evanescent field to
improve the sensing performance. The proposed hump shaped WaveFlex fiber structure and
optical field propagation is shown in Fig. 1.
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Fig. 1. The schematic diagram of hump-shaped optical fiber biosensor principle.

When light enters into SCF from SMF, a part of light enters into the central core of SCF. One
part of the light entering the central core is transmitted along the core as the fundamental mode,
and the other part of the light excites higher-order modes to enhance the evanescent field. The
rest part enters the other six cores of SCF due to refraction. Due to the mismatch between the
cores of SCF and SMF, the high-order modes of the six vertex cores of SCF regular hexagon are
excited [41]. Since the central core is different from the other six core modes, mode interference
will be generated, resulting in reduced coupling [42] and more evanescent waves. Therefore, the
LSPR effect is stronger and the ability to detect the surrounding environment becomes stronger.
Tapering the SCF in the fiber sensing area will make the cladding and core thinner, stimulate
higher-order modes, produce more EWs [43], and further enhance the evanescent field.

HRP is an enzyme extracted from the roots of horseradish. It is a member of the peroxidase
family. HRP is a commonly used enzyme in biosensor research because it retains its activity
over a wide pH and temperature range [44]. HRP can catalyze the oxidation of many substances,
and its main active group is a heme molecule containing iron [45]. According to the relevant
literature, it is pointed out that HRP has an inhibitory effect on glyphosate, and the principle is
that HRP reacts with the amine, carboxyl, and phosphine groups of glyphosate [46].
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When the frequency of the incident light is consistent with the resonance frequency of AuNPs,
the interaction between the electron cloud and the metal core produces the LSPR effect, resulting
in a peak related to RI. When glyphosate inhibits the enzymatic reaction of HRP, the RI of the
medium around the sensing area changes, resulting in the shift of the peak. The peak displacement
can be expressed as [47]:

AL = mAny, (1 - e%) 2

Here, AA is the peak displacement, m is the sensitivity of AuNPs to the electromagnetic field,
Any, is the variation of the surrounding medium RI, d is the thickness of the adsorption layer, and
d,, is the penetration depth of EWs.

2.4. Simulation of sensor probe

The RSoft software’s beam propagation method (BPM) is chosen to simulate light propagation
in hump-shaped optical fibers in order to better comprehend the transmission characteristics and
energy distribution of optical fibers. The SMF has a core diameter of 8.2 um and a cladding
diameter of 125 ym. The external environment’s Rl is set at 1. Fig. 2(a) displays the results of the
simulation. “1, Launch” in the diagram denotes the light source’s overall energy distribution, “1,
Mode 0 the fiber core’s energy distribution, and “2, Mode 0" the cladding’s energy distribution.
It can be seen from the diagram that when the light passes through the tapered area, the energy of
the fiber core is significantly reduced. This is because part of the energy enters the cladding,
resulting in a significant increase in the energy of the cladding. It can be seen that after the
tapering of the sensing area and the fusion of optical fibers with different core diameters, the
cladding energy is significantly increased, and the evanescent field is significantly enhanced.
The simulation results showed that the evanescent field has been significantly increased. We
simulated the structure without tapering, as shown in Fig. 2(b). It can be seen that compared
with the structure without tapering, the taper cladding energy of the hump-shaped structure
increases by 0.4 and 0.2. More cladding energy will excite more evanescent fields. Therefore, the
hump-shaped structure is more excellent.The SCF has a core diameter of 6.1 um and a cladding
diameter of 125 um. The length of the SCF is 25 mm, and the distance between the adjacent
tapered waist is 10 mm. The cross-section of the seven-core fiber is shown in Fig. 2(c). The core
spacing of the seven-core fiber is 35 um.
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Fig. 2. (a) RSoft simulation results of proposed hump-shaped fiber structure, (b) RSoft
simulation results of structure without tapering,(c) the cross-section of the seven-core fiber.

2.5. Fabrication process of the sensor probe

The sensing probe of the sensor is a combination of SMF and SCF. The combination of SMF and
SCF can significantly improve the coupling efficiency and stimulate more cladding modes [48].
The distribution of SCF core is regular hexagon. One core is in the center of the regular hexagon,
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and the remaining six cores are on the vertices of the regular hexagon. The cladding diameter of
SCF is 125 um, and the diameter of each core is 6.1 um. The welding process is divided into
two steps. In the first step, the coating layers of SMF and SCF are removed by a fiber optic
stripper. SMF-SCF was formed by fusing FSM as shown in Fig. 3(a). In the second step, the
formed SMF-SCF and another SMF are repeated to remove the coating layer and wipe. Finally,
SME-SCF and SMF are placed at both ends of the fiber fixture respectively and fused to form
SMF-SCF-SMF. The SCF portion of the fused SMF-SCF-SMF was tapered using CMS as shown
in Fig. 3(b). Before using CMS to taper the fiber, it is wiped with ethanol to avoid the influence of
impurities on the taper treatment and the vacuum environment of CMS. CMS uses three-electrode
discharge to taper the fiber. Through a large number of adjustments of discharge power, vacuum
value, running speed and so on, the hump-shaped structure was gradually optimized, and finally
a beautiful curve structure was obtained. The tapering process is divided into two steps, and the
production process is shown in Fig. 3(c).
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Fig. 3. (a) Schematic of FSM, (b) internal view of CMS, and (c) fabrication process of
hump shaped WaveFlex fiber structure.

2.6. AuNPs/MWCNTs/CeO,-NRs synthesis process

AuNPs with a diameter of about 10 nm were synthesized by the traditional Turkevich method
[49] to excite the LSPR effect. The test tube was filled with 14.85 mL deionized water and added
with tetrachloroauric acid solution. Heat to boil, turn on the rotation, and add trisodium citrate.
Turn off the heat for 5 minutes and continue to rotate for 10 minutes. The solution appears wine
red, which is the synthetic target of AuNPs. For MWCNTs solution, add 5 mg MWCNTSs powder
to 10 mL DMF solution, place it in an ultrasonic machine for 1 hour, and let it stand until the
supernatant appears. For CeO,-NRs solution, 17 mg of CeO,-NRs powder was put into 8 mL of
NMP solution and sonicated for 2 hours. Finally, it can be used in a centrifuge for 30 minutes.

2.7. Nanomaterials immobilization

AuNPs were fixed in the optical fiber sensing area to complete the LSPR effect. MWCNTs
and CeO,-NRs were fixed on the surface of the fiber to improve the sensing performance. The
nanomaterials-immobilization process over fiber structure is shown in Fig. 4. The sensing area
of the optical fiber is cleaned with acetone solution to remove impurities on the surface.

Then it was immersed in the Piranha solution, which was composed of 30% H,0O, and H,SO4
in a ratio of 3:7 for 30 minutes. The fiber was rinsed with deionized water and dried with N, to
remove excess Piranha solution. After hydroxylation, the optical fiber sensing area was immersed
in MPTMS solution for 12 hours to form SH functional group. Then the optical fiber sensing
area was placed in the prepared AuNPs solution for 48 hours. The fiber was rinsed with ethanol
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Fig. 4. Schematic view of nanoparticles immobilization process on the hump-shaped optical
fiber structure.
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Fig. 5. Experimental setup for the measurement of glyphosate solution through the hump
shaped WaveFlex biosensor.

to remove unbounded AuNPs. Thereafter, MWCNTs and CeO,-NRs were re-immobilized. Then,
optical fiber sensing area was first immersed in MWCNTs solution for 10 minutes, and then
placed in an oven for 20 minutes at 70°C. The above operations were repeated three times to
determine the immobilization of MWCNTs on the fiber. Thereafter, optical fiber sensing area was
immersed in CeO,-NRs solution for 10 minutes and placed in an oven at 70°C for 20 minutes.
Repeated these steps 3 times for uniform coating of nanomaterials over the fiber surface.

2.8. Preparation of glyphosate solutions

An electronic scale was used to precisely weigh 5.07 mg of glyphosate powder. To generate a
stock solution with a 1000 uM concentration of glyphosate, the powder was fully dissolved in 30
mL of 1xPBS solution (pH 7.4). Thereafter, eight distinct concentrations of glyphosate solution
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were prepared by diluting the stock solution with PBS solution in order to assess the viability of
the sensor to detect trace glyphosate molecules.

2.9. Experimental setup for glyphosate measurement

The tungsten-halogen light source (HL-2000, Ocean Optics, USA), spectrometer (USB2000+,
Ocean Optics, USA), optical fiber fixture and structure, measurement solution, and computer
make up the complete experimental apparatus. Firstly, the light source transmission line is fused
with the optical fiber, and then the other end of the optical fiber is fused with the spectrometer
transmission line, and then the spectrometer is connected to the computer by USB. Here, the
enzymatic reaction of HRP is inhibited by glyphosate, resulting in a change in the peak, and the
changed spectrum can be observed by a computer. The glyphosate concentration information can
be obtained according to the peak change of the spectrum. In Fig. 5, the experimental apparatus
is displayed.

3. Results and discussions
3.1.  Optimization of the sensor probe

SCF is the sensor’s main sensing region. As such, it is especially crucial to optimize the sensor’s
SCF length. Thus, five sensors were fabricated, each having a distinct SCF length. Subsequently,
the transmission intensity is measured, and Fig. 6(a) displays the results. Here, the 25 mm
SCF structure has the lowest transmission intensity, means, more EWs are generated, which is
advantageous for the detection of drugs at lower concentrations. Thus, the SCF length of 25
mm was chosen for development of proposed sensor probe. The sensing area of the spliced
fiber is tapered to further improve the evanescent field and improve the sensing performance.
Wang et al. made a new type of sensor using two hump-shaped tapers to measure the bending
direction and temperature, and obtained good results [50]. In addition, the increase of the hump
will cause the fiber structure to become thinner and even lead to breakage during the experiment.
Reducing the hump will lead to a decrease in EWs and a decrease in sensing performance. Based
on the literature and the above reasons, three tapered regions are selected to form a hump-shaped
fiber structure. The hump-shaped curve has high tapered area and low tapered area.For the low
tapered, the smaller the taper diameter, the lower the transmission strength. More light penetrates
into the cladding to enhance the evanescent field. However, the smaller the taper diameter, the
easier it is to break in the fixation process and measurement experiments. For the high tapered,
the higher the diameter of the tapered area leads to the decrease of EWs. The lower the diameter
of the tapered area leads to the decrease of flexibility. After multiple debugging of the curve and
flexibility investigation, 40 um and 90 um were selected to make the hump-shaped fiber structure
[51]. The direct scanning diagram of the hump-shaped fiber structure is shown in Fig. 6(b). The
normalized transmission intensity is shown in Fig. 6(c). The SD was calculated to be 0.1725.The
results show that the fabricated hump-shaped optical fiber has a high degree of repeatability,
which ensures the stability of the experimental results.

3.2. Characterization of nanomaterials

The absorption spectra of the synthesized AuNPs were measured by UV-visible spectrophotometer.
The results are shown in Fig. 7(a), and the peak of the absorption spectrum was 519 nm. The
results show that the diameter of the synthesized AuNPs is about 10 nm. The synthesized AuNPs
were characterized by HR-TEM. The results are shown in Fig. 7(b), and the appearance of the
synthesized AuNPs is spherical and the diameter is uniform. The characterization results of
MWCNTs and CeO,-NRs are shown in Figs. 7(c) and (d), respectively.
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(c) hump-shaped fiber normalized intensity spectrum.
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3.3. Characterization of the nanomaterials-immobilized structure

The structure of the fiber and the NPs on the surface of the fiber were observed by precise SEM.
The results of the fiber structure are shown in Fig. 8(a), and the taper regions at both ends and
in the middle of the fiber can be clearly seen. The NPs on the surface of the fiber are shown in
Fig. 8(b). It can be seen that AuNPs are evenly distributed on the surface of the fiber as small
particles. Then MWCNTs and CeO;,-NRs can be seen. The elements on the surface of the fiber
were analyzed by SEM-EDS, which further proved that the above three NPs existed on the surface
of the fiber. The results are shown in Fig. 8(c). The presence of Au, Ce, C and O on the surface
of the fiber confirmed the presence of AuNPs, MWCNTs and CeO;-NRs on the fiber.

Fig. 8. (a) SEM image of optical fiber surface, (b) SEM image of nanoparticles on optical
fiber surface, (c) EDS analysis of Fig. 8(b).

3.4. Measurement of glyphosate solutions

Eight different concentrations of glyphosate solutions were prepared and measured using the
device shown in Fig. 5. The solution of O uM was added first, and the spectrum was recorded
after the LSPR spectrum was stable. The measurement sequence was from low concentration to
high concentration, and 1 x PBS solution was used to rinse during the measurement to reduce the
influence of each concentration. The LSPR spectrum of the solutions were recorded by measuring
the different glyphosate concentration, as shown in Fig. 9(a). With the increase of glyphosate
concentration, the LSPR spectral peak red shifted. The more the glyphosate concentration
increases, the more the LSPR spectrum peak wavelength shifts. An analysis was conducted to
determine the correlation between the glyphosate concentration and the peak wavelength shift of
the LSPR spectrum, as shown in Fig. 9(b). The linear fitting equation is:

A= 0.13774 C + 634.425 3)

Here, C denotes the concentration of glyphosate, corresponding to the abscissa. A represents
the peak wavelength of the LSPR spectrum, corresponding to the ordinate. The fitting degree R?
is 0.99, indicating that the designed sensor has high linearity and high feasibility.
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Combining Eq. (2), the relationship between the RI of the surrounding medium and the
glyphosate concentration can be obtained as follows [52]:

-2d
0.13774c=mAnm(1—eW) 4)

Sensitivity is another crucial metric for assessing the sensor’s performance. It is the ratio of
the peak wavelength change value to the glyphosate concentration change value, and it shows the
slope of the linear fitting line. According to Fig. 9(b), the sensitivity is 137.7 pm/uM, indicating
that the sensor has a high sensitivity to glyphosate concentration. In order to evaluate whether
the sensor can detect trace glyphosate concentration, the detection limit is an important indicator.
The detection limit refers to the minimum concentration of the target analyte detected by the
sensor, and the calculation formula is:

D
LOD = 3xS

®

Here, S represents the sensitivity of the sensor. The SD is the standard deviation of the
measured fifteen peak wavelengths, and the SD value is 0.089.

According to the calculation, the LOD is 1.94 uM, which is lower than the 5.32 uM specified
by the WHO. It can be seen that the sensor has the ability to detect trace glyphosate concentration.

3.5. Stability and pH Test

The stability experiment can test the performance stability of the sensor during long-term
operation. Under the same environmental conditions, the peak wavelength of 1xXPBS solution was
measured continuously for fifteen times at the same time interval. The outcomes are displayed in
Fig. 10(a). Over a long period of time, the sensor fluctuates less. It is evident from the computed
SD is that the sensor has high stability.

By evaluating the performance of the sensor under specific pH conditions, we can better
understand the effect of external environment in practical applications. The 1xPBS can effectively
buffer the pH value of the solution, keep it stable within a certain range, and easily adjust the
pH value. Therefore, 1XPBS (pH =7.4) was used as the buffer solution and one of the pH
environments for the test. The pH of the buffer solution was adjusted to 3 by acetic acid reagent,
6 by ethanol reagent, and 10 and 13 by sodium hydroxide reagent. Glyphosate concentrations of
0 uM and 60 uM were redetected in the order from low to high. The difference is calculated to
better observe the data. The measurement results are shown in Fig. 10(b), and the difference is
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Fig. 10. (a) Stability, (b) pH test of developed sensor.

the largest when the pH is 7.4. Therefore, 1XPBS solution was selected as the pH environment
of this experiment.

3.6. Reproducibility and Reusability Test

The reliability of the sensor can be verified by reproducibility experiments. If different sensors get
the same sensing results in the same environment, it can be considered that the sensor is credible.
Two different sensors made in the same batch were used to measure 60 uM glyphosate solution
to test the reproducibility of the sensor. The reproducibility results are shown in Fig. 11(a). The
SD was calculated to be 0.243, which proves that the sensor has good reproducibility.
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Fig. 11. (a) Reproducibility, (d) reusability results of developed sensor.

Reusability is also an important indicator to test the reliability of the sensor. The same sensor
measures the same target analyte twice, and the experimental results are the same, indicating that
the sensor has good reusability. In order to verify the reusability, 40 uM and 60 uM glyphosate
solution solutions were measured twice. During the second measurement of the same solution,
the optical fiber was rinsed with 1xPBS solution to reduce interference. The results are shown in
Fig. 11(b). After calculation, the SD corresponding to 40 uM and 60 uM is 0, indicating that the
sensor has good reusability.



=

Research Article Vol. 32, No. 15/15 Jul 2024 / Optics Express 25801

Optics EXPRESS

3.7. Selectivity test

Selectivity is the ability to evaluate the sensitivity of the sensor to the target substance. Paraoxon,
atrazine, 2,4-dichlorophenoxyacetic acid and lindane were selected as interfering substances.
The difference between the peak wavelengths of the highest point 60 uM and the lowest point 0
UM in the linear range was measured. The results are shown in Fig. 12. When the measured
substance is glyphosate, the peak wavelength displacement is the largest, and the displacement of
other substances is very small. The results showed that the enzymatic reaction of glyphosate to
HRP was specific, which further indicated that the sensor had high selectivity to glyphosate. The
selected interfering substances are all present in pesticide residues. By simulating the interfering
substances in the actual application scenario, the selectivity and anti-interference ability of the
sensor to different interfering substances can be evaluated to guide the application of the sensor
in the interference environment.
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Fig. 12. Selectivity test results of developed sensor.

3.8. Real sample

The real sample experiment was carried out in the actual environment, which can better reflect
the performance of the sensor. Because glyphosate that is mainly found in crops, soybeans and
corn were selected as real samples for testing. Mash the corn, then put it into 1XPBS solution,
stand for a period of time, take the supernatant used. Soybean repeat the above operation.
Finally, the glyphosate solution was added to the real sample for measurement. The results are
displayed in Table 1, and the recovery rate does not fluctuate much, indicating that the real sample
measurement results of the sensor are almost consistent with the test results. The RSD was lower,
indicating that the difference between the three experimental results was lower. Through this
experiment, it is proved that the sensor has good strength in determining real samples.

Table 1. Determination results and recoveries of glyphosate in
real samples

Sample Recovery (%) RSD (%) (n=3)
Corn 83.3%-100.0% 5.83%
Soya bean 91.6%-111.1% 5.78%
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3.9. Performance study of the developed sensor

Nowadays, there are many methods to detect glyphosate. These techniques do, however, have
certain drawbacks, including the need for specialized equipment, complicated operation, high
cost, and extended detection times. The use of LSPR technology can avoid these shortcomings.
The LSPR technology only needs simple optical equipment, such as light source, spectrometer,
etc., to complete the detection of glyphosate, and the LSPR technology cost is low. The proposed
sensor is contrasted with current sensors in Table 2 in terms of nanomaterials, techniques, linear
range, sensitivity, and detection limit. As the table shows, it is evident that the proposed sensor
has the advantages of high sensitivity, low detection limit and simple operation. Other sensors
based on optical fiber structure to detect glyphosate generally have the characteristics of large
volume, inability to be portable, and complicated production process [57,58]. However, the
developed sensor required a small volume per device and is easy to carry. The sensor structure
can be made by using a specific program, the production process is simple, and the cost is low.
In addition, it also has good repeatability and stability. This provides a good sensing device for
the detection of glyphosate.

Table 2. Performance comparation with existing glyphosate biosensors

Nanomaterials used Mechanisms Linear range(uM) Sensitivity LoD(uM) Ref.
ZnO/CuO/Au Electrochemical 6.9-230 n.r.’ 0.35 [53]
ZnO-NPs/PDDA/ SPAGE Electrochemical 0-5000 n.r.? 2.84 [54]
CDs/AuNCs Fluorescence 0-0.18 n.r.? 4.19 [55]
Cu-TCPP/AuNPs/CP Electrochemical 0.2-120 n.r.? 0.03 [12]
BTSC-CDs Fluorescence 0.2-30 n.r.? 0.27 [56]
AuNPs/MWCNTs/ CeO, LSPR 0-60 137.74 pm/uM 1.94 This work

“not reported

4. Conclusion

In this study, the concentration of glyphosate was determined using a fiber optic biosensor based
on LSPR technology. FSM is used to fuse SMF-SCF-SMF to improve the evanescent field.
The CMS is used to taper the fiber to form a hump-shaped cone area, which further improves
the evanescent field and improves the sensing performance. MWCNTs and CeO;,-NRs were
used to promote the reaction of glyphosate and HRP to improve the sensitivity. HR-TEM was
used to observe three different nanoparticles, which verified the expected nanoparticles were
synthesized. The nanoparticles on the fiber’s surface were characterized using SEM, and the
findings demonstrated that the nanoparticles were firmly affixed to the surface. Experimental
results show that. In the range of 0-60 uM glyphosate concentration, the linear fitting degree is
0.99, sensitivity of 137.7 pm/uM, and detection limit of 1.94 uM, indicating that the designed
sensor has good performance. The sensor’s selectivity, pH value, stability, repeatability, and
reusability were all tested. This series of excellent results show that the sensor has a bright future
in the detection of glyphosate. It shows great value in the detection of pesticide residues.
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