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Abstract: The present study proposes the application of a recently developed optical–chemical sensor
system to glyphosate detection. The device probes the refractive index variation in a chip based on
a plastic optical fiber (POF) in which three orthogonal micro-holes were created and filled with an
acrylic-based molecularly imprinted polymer (MIP). This sensitive chip, connected in series to a gold-
coated SPR-POF platform, can modify the surface plasmon resonance (SPR) phenomena by exploiting
the multimode characteristic of the POFs. Therefore, the gold film of the SPR-POF platform is not
covered by the MIP layer, improving the sensor’s performance because the interaction between the
analyte (glyphosate) and the polymer recognition cavities occurs in the core and not in the cladding
of the waveguide. Indeed, the sample solution is dropped on the MIP-based chip while a water
drop is constantly maintained above the gold surface of the reference SPR-POF platform to excite the
surface plasmons, modulated by the MIP interaction with the target analyte. The device is here for
the first time applied for glyphosate sensing in water samples. The high sensitivity and selectivity
are proven, and tests on real samples highlight the good performances of the developed sensors.

Keywords: glyphosate; molecularly imprinted polymer (MIP); surface plasmon resonance (SPR);
plastic optical fiber (POF); environmental monitoring; optical–chemical sensors

1. Introduction

Glyphosate (IUPAC name (N-phosphonomethyl)glycine) is a broad-spectrum and
nonselective herbicide used worldwide [1,2]. It is usually distributed on the ground as
aqueous solutions of about 0.03 M, but understanding and predicting its transport in soils
is complicated [3–6]. Indeed, the challenges in detecting and proving glyphosate toxicity
are probable due to its ability to chelate metal ions and interfere with the organic matter in
the environment [3]. Moreover, it is considered harmful to humans and the environment
and is suspected of being a carcinogen, associated with long-term effects for a prolonged
exposition [3,7,8]. Although there is a connection between severe environmental and
health problems, public health policies are absent, likely due to the difficulties in detecting
glyphosate in the environment, which are additionally complicated by the invaluable health
hazard and occupational safety [3].

This herbicide is the most widely and worldly employed in agriculture. However, it is
difficult to be determined by classical analytical instrumental techniques, mainly because
of its high polarity, high solubility in water and scarce solubility in organic solvents, low
volatility, and strong metal complexation properties [3].
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Up to now, several methods have been proposed for determining glyphosate in soil,
agri-food products, beverages, and biological fluids; some also allow the detection of its
primary metabolite, i.e., aminoethylphosphonic acid (AMPA) [9].

Colorimetric or fluorimetric methods are not viable since chromophore or fluorophore
groups are absent in the glyphosate structure [3].

Chromatographic methods are the most common but require lengthy and time-
consuming sample pretreatment and derivatization procedures; moreover, they need bulky,
delicate, and expensive instruments [3,9–14]. Although glyphosate is non-electroactive,
i.e., it cannot be measured at accessible potentials, several electrochemical sensors have
been developed, but at present, none of them present an adequate level of sensitivity
and reproducibility. Moreover, electrode surface modification or employing noble metal
electrodes such as Pt or Ag is often required and is associated with laborious procedures,
making these strategies inapplicable for real-time or in situ analysis [3,15–20].

Plastic optical fiber (POF)-based sensors, particularly those based on surface plasmon
resonance (SPR), allow for the realization of small platforms integrable with compact
optoelectronic instruments and suitable for determining different analytes with excellent
sensitivity [21–23]. High selectivity for this kind of sensor is achieved by covering the
plasmonic surface with a molecular recognition element that can be a bioreceptor or, more
advantageously, a molecularly imprinted polymer (MIP) [23,24]. These kinds of devices
are cheap and can be easily arranged in portable, in-field measurement devices.

At present, few studies reported the preparation of glyphosate-imprinted materials
for sample preparation or sensors due to the low solubility of the analyte in porogenic
solvents such as chloroform and the limited number of useful functional monomers [25–27].
Only one paper exploited the employment of SPR transduction faced with a molecularly
imprinted electropolymerized polypyrrole film [28].

Recently, we proposed a new MIP-based SPR configuration [29,30] to overcome prob-
lems due to the MIP’s film thickness and the deterioration of the sensitive gold surface of
the SPR sensor. More specifically, in the conventional SPR approaches, a thick MIP layer can
be used to reduce the bulk effect and the degradation of the SPR multilayer, but this thick
MIP layer significantly reduces the sensitivity of the sensor system. Moreover, previous
studies [31] demonstrated that the MIP refractive index increases as the amount of analyte
entering the polymer recognition cavities increases, so the waveguide’s effective refractive
index also changes. In the sensor configuration reported in [29,30], when the analyte con-
centration increases, the MIP refractive index located in the core of POF increases too, and
the resonance wavelength is blue-shifted (decreases) without changing the refractive index
of the bulk solution in contact with the plasmonic surface [29,30].

The sensing device used in the present study comprises two POF-based chips in
series. The first was prepared by creating three micro-holes in a POF and filling them with
an acrylic-based molecularly imprinted polymer (MIP), and it is connected in series to a
sensing gold-coated SPR-POF platform. The sample solution is dropped on the MIP-based
chip while a water drop is constantly maintained above the gold surface of the SPR-POF
platform to excite the surface plasmons, modulated by the MIP interaction with the target
analyte that occurs in the core of the POF. The present approach modifies the SPR response
of previously developed D-shaped POF plasmonic sensors [31–34] by changing how the
light is launched into the sensor. To be precise, it takes advantage of the SPR phenomena to
sense the variations of the light’s propagation paths in the multimode POF resulting from
the interaction of the target analyte with the MIP’s recognition cavities.

Indeed, the gold surface of the SPR chip, not coated by the MIP or other receptor
layers [32], is exploited to measure the variation of the core refractive index instead of
detecting the refractive index variation of the receptor’s dielectric layer directly over the
sensing plasmonic surface as the SPR sensors previously proposed [31–34].

The excellent performance of the sensor was proven by detecting traces of 2-furaldehyde
in water and milk samples [29,30].
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The same innovative approach is exploited in the present study for sensing glyphosate
in environmental waters. Analytical figures of merits of the presented method were
highlighted and are in line with those of already existing analytical procedures in terms of
sensitivity, linearity and detection limit (about 0.05 µg L−1 in the present case). Moreover,
the method’s performances were assessed by analyzing spiked natural water samples and
comparing the results with those obtained by a validated HPLC-MS technique.

2. Materials and Methods
2.1. Reagents

Glyphosate (GLY, N-(Phosphonomethyl)glycine, Pestanal® analytical standard, (Sigma-
Aldrich, St. Louis, MO, USA), acrylamide (AAM, suitable for electrophoresis,≥99%), Ethylene
Glycol Dimethylcrylate (EGDMA, 98%, d = 1.051 g/mL at 25 ◦C), 2,2′-azobisisobutyronitrile
(AIBN), chloroform, dimethyl sulfoxide (DMSO), sodium hydroxide, acetic acid and
ethanol, all ACS grade, were obtained from Merk Life Science S.r.l. (Milano, Italy) and used
without further purification.

2.2. Prepolymeric Mixtures of MIP and NIP

The MIP prepolymeric mixture was prepared by adapting a previously proposed
procedure [26]. The composition was adjusted to reduce the porogenic solvent, increasing
the number of recognition holes. In total, 10 mg of GLY (template, 0.06 mmol), 0.25 g of
AAM (functional monomer, 3.52 mmol) and 1 mL of EGDMA (cross-linker, 5.30 mmol)
were mixed to obtain a polymer with a molar ratio of 1:60:90. To the mixture, 3 mL of 1:1
chloroform/DMSO solution was added to solubilize the template uniformly. The solution
was sonicated and deaerated with a gentle flow of nitrogen for ten minutes; then, an excess
of AIBN (40 mg) was added as a radical initiator. A similar prepolymeric mixture not
containing GLY was prepared as the NIP (non-imprinted polymer).

2.3. Experimental Setup and Glyphosate Sensing

The sensing methodology utilized a MIP-modified POF chip that interacts with the
analyte of interest connected to an SPR-POF sensor. A scheme of the experimental setup is
shown in Figure 1 and includes a halogen lamp (for the MIP-based chip illumination), the
MIP-functionalized chip, an SPR-POF platform and a spectrometer [29,30]. The employed
halogen lamp has a wavelength emission ranging from 360 nm to 1700 nm (model HL2000-
LL, Ocean Insight, Orlando, FL, USA), while the spectrum analyzer detection range is from
350 nm to 1000 nm (FLAME-S manufactured by Ocean Insight, Orlando, FL, USA). All the
system components were connected by SMA connectors.

The MIP-modified POF platform consisted of a D-shaped POF chip in which three
orthogonal micro-holes were performed and filled with the MIP (or NIP) prepolymeric
mixture similar to [29,30]. The plastic optical fiber employed had a 1 mm diameter (980 µm
PMMA core and 10 µm cladding). The POF was inserted in a resin block, and the D-shaped
region (length: 1 cm) of the fiber was achieved through a polishing process using different
grits of polishing papers (5 µm and 1 µm). The three micro-holes in the polished POF
with a diameter of 600 µm and 2.5 mm apart from each other were created using a CNC
micro-milling machine in an orthogonal orientation to the direction of the propagating light.
The different distance between the micro-holes does not influence the sensor’s sensitivity,
as previously verified [29].

In a previous study [29], we compared the performance of the 3-hole POF platform
with that of a single-hole POF chip. In terms of sensitivity at low concentrations, the
3-hole-based sensor performed better. The detection limit was lower with the one-hole
system, but the linear concentration range was smaller than that with the three-hole. So,
we decided to advance only with the development of the three-hole sensor.
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Figure 1. Experimental setup for glyphosate sensing by MIP-based 3-hole POF chip faced with
SPR-POF sensor.

The chip’s micro-holes must be filled with an adequate volume of the prepolymeric
mixture, enough to completely fill each hole without overflowing; 8 µL of the prepolymeric
solution was found to be the suitable volume. The polymerization was conducted thermally
in a thermostated oven at 80 ◦C overnight. The template (GLY) was extracted from the
MIP through 15 washing cycles with 0.1M NaOH. A final rinse with ultrapure water was
necessary to eliminate the excess of NaOH; the chip was dried under a gentle flow of N2
before the SPR measurements.

Figure 2a outlines the production steps of the MIP-based POF chemical chip, and
Figure 2b shows the image of the 3-hole POF chip.

Like the previously described setup, the plasmonic probe consisted of a chip with a
gold-photoresist multilayer (60 nm and 1 µm thick, respectively) on a planar surface of
exposed-core POF (D-shaped POF region) introduced in a resin block [23]. In the present
system, a constant amount of water on the gold layer surface was kept during the whole
measurement period (refractive index 1.332). Since the water evaporation could induce
variations if the thickness of the water layer decreases more than the field penetration,
and consequently, in the water refractive index, the experiments were performed in a
temperature-controlled room.

The dose–response curves were obtained by dropping 40 µL of a GLY aqueous stan-
dard solution at concentrations ranging from 100 ng L−1 (0.3 nM) to 1.5 mg L−1 (8.87 µM)
onto the sensitive surface of the MIP-based chip and acquiring the spectra (with water over
the SPR-POF platform) after a 10 min incubation period. These spectra are normalized on
the reference spectrum acquired with air over the SPR-POF chip and 40 µL of ultrapure
water on the MIP-based 3-hole POF platform (so that the SPR conditions are not satisfied).

The measured signal, ∆λ, corresponded with the variation in the resonance wavelength
occurring when the target analyte (GLY) interacted with the recognition cavities of the MIP’s
micro-holes, resulting in a local variation of the refractive index of the waveguide when
compared to the response of a blank solution (ultrapure water). It has to be highlighted that
the spectral resolution of the spectrometer employed here is 1.5 nm (calculated at the full
width at half maximum, FWHM). However, the maximum value of the standard deviation
of the resonance wavelength, experimentally determined by testing ten similar MIP-based
3-hole POF platforms repeating three times the tests for each chip, was about 0.15 nm.
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Figure 2. (a) Scheme of the preparation of the MIP-based 3-hole POF chip. (1) POF inserted in the
resin block; (2) creation of the 1 cm D-shaped region of the POF; (3) preparation of three micro-holes
with a diameter of 0.6 mm and 2.5 mm apart from each other; (4) micro-holes filled with the MIP.
(b) picture (enlarged view 4×) of the 3-hole POF chip.

The calibration curves were obtained by correlating the ∆λ values with the GLY
concentration, c. From the linear part of the graph, the figures of merits of the method
(detection limit, quantification limit, and sensitivity) were achieved. The entire dose–
response dataset was modeled by the Hill equation for obtaining the affinity constant of
the MIP’s sites for the analyte [29–34].

3. Results
3.1. Dose–Response Curves: Figures of Merit of the Sensor

The figures of merit of the sensing method proposed here were evaluated by the
dose–response curves; as an example, Figure 3 shows the SPR spectra obtained for different
GLY aqueous solutions in the concentration range from 0.3 nM (100 ng L−1) to 8.87 µM
(1.5 mg L−1).

The resonance wavelength shifted toward lower values (blue-shift) for increasing
glyphosate concentration. This trend agrees with that previously observed [29], where the
SPR wavelength decrease corresponded to a local increase in the POF core’s refractive index.

Figure 4a shows a mean dose–response curve, ∆λ (nm) vs. [GLY] (nM), obtained from
independent calibrations performed with five MIP-based three-hole POF chips equally
prepared. Figure 4b presents the same data with the abscissa in the logarithmic scale for
more clear visualization of the trend.
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Figure 3. SPR spectra obtained for different glyphosate’s aqueous solutions. In total, 40 µL of GLY
solutions were dropped onto the MIP-based three-hole POF chip. The spectra were acquired with
water over the SPR-POF platform after a 10 min incubation period. These spectra are normalized on
the reference spectrum obtained with air over the SPR-POF chip and 40 µL of ultrapure water on the
MIP-based three-hole POF platform.
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Figure 4. (a) Dose–response curve ∆λ (nm) vs. glyphosate concentration (nM) (b) the same graph
with the abscissa in logarithmic scale. Experimental points are reported as the mean value of replicates
obtained with five different chips. Error bars represent the standard deviation. The continuous curve
represents the fitting by the Hill equation.
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The dose–response curve is well-modeled by the Hill equation (Equation (1)), as
previously reported for similar MIP-based sensors [29–34].

∆λ = |λc − λ0| = ∆λmax·
cn

Kn + cn (1)

where c is the glyphosate concentration, λc and λ0 are, respectively, the resonance wave-
length at the concentration c, and zero (blank), ∆λmax is the maximum value of ∆λc, i.e.,
the plateau of the curve correspondent to the analyte concentration for which saturation
occurs due to the complete “filling” of the recognition cavities of the MIP. n was set at 1,
assuming noncooperative and completely independent recognition sites in the MIP. K is
the reciprocal of the affinity constant, Kaff, of the target analyte for the recognition cavities.
∆λmax and K are the fitting parameters obtained by the OriginPro software [35].

The parameters of the Hill modeling to the experimental data reported in Figure 4 are
summarized in Table 1.

Table 1. Parameters of the Hill equation (Equation (1)) for fitting the dose–response curve of Figure 4.
The number in parenthesis is the standard deviation of the last digit.

∆λmax (nm) K (M) Kaff (M−1) n R2

1.74 (4) 3.5 (6)·10−9 2.8 (5)·108 1 0.907

The high value of the affinity constant is a measure of the high selectivity of the polymer.
The reproducibility, measured as replicates of the calibration of five different chips, is

pretty good since the standard deviation is not higher than 0.25 nm for all the concentra-
tion levels.

The plateau of the curve was observed for a glyphosate concentration of about 50 nM
so that the quantitative analysis can be performed only at lower concentrations. Indeed,
the linear part of the dose–response curve (see Figure 5) can be used as a calibration plot
from which the sensitivity at low concentrations and the detection and quantification limits
(LOD and LOQ) can be determined.
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Figure 5. Linear part, at low concentrations of the dose–response curve ∆λ (nm) vs. glyphosate con-
centration (nM) of Figure 4. Experimental points are reported as the mean value of replicates
obtained with five different MIP-based three-hole POF chips, and the error bars represent the
standard deviation.
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Table 2 reports the method’s figures of merit calculated from the parameters of the
straight line interpolating the experimental data.

Table 2. Figures of merits evaluated from the linear regression of the data reported in Figure 5, i.e.,
dose–response curve at low concentrations. The number in parenthesis is the standard deviation of
the last digit.

Slope (S, nm nM−1) R2 LOD a (nM) LOQ (nM) Linear Range (nM)

0.206 (6) 0.995 0.2 0.7 0.4–5
a LOD = 3.3·sy/x/S, sy/x is the standard deviation of y-residuals (i.e., the random errors in the y-direction); it is not
significantly different from the standard deviation of multiple measurements of blank samples [36].

It is interesting to emphasize that the LOD and LOQ values obtained, converted
into the unit of measurement used in regulatory rules, are, respectively, 0.04 µg L−1

and 0.11 µg L−1; therefore, the proposed sensor is adequate to detect glyphosate at the
concentrations levels compatible with the maximum residue limit (MRL) established by the
Europe Community (MRL = 0.1 µg L−1) for drinking water [37]. Moreover, the detection
limit of the present sensor is comparable or lower to that of other analytical methods
reported in the recent literature (see Table 3).

Table 3. Comparison of the detection limit of analytical methods and sensors for glyphosate detection
in water samples.

Method/Sensor Sample LOD µg L−1 Ref.

AgNPs-tailored SERS method a distilled water 110 [38]
HPLC/fluorescence detector seawater 0.6 [39]

LC-MS/MS surface water 0.066 [40]
LC-MS/MS environmental water 0.25 [41]

UHPLC-MS/MS environmental water 0.025 [42]
reflectance spectroscopy

immunosensor drinking water 0.01 [43]

amperometric method/Au-SPC b drinking water 270 [44]
dual-MIP-graphite SPE c environmental water 0.7 [45]

MIPpy-based ESPR sensor d distilled water 0.2 [28]
MIP-based three-hole POF
chip/SPR-POF platform drinking water 0.04 This work

a silver nanoparticles/surface-enhanced Raman spectroscopy; b amperometric method/gold working screen-
printed electrode; c graphite screen-printed electrode modified with a dual-molecularly imprinted polymer coated
on a mesoporous silica-platinum core; d electrochemical surface plasmon resonance sensor based on molecularly
imprinted polypyrrole.

From Table 3, it can be observed that the lowest LOD is reached by the reflectance
spectroscopy immunosensor [43]. Despite the LOD value being only four times lower than
that obtained with the present sensor, developing an immunosensor requires many steps,
and bioreceptors are unstable and delicate. Moreover, the sensor is not suitable for in situ
analysis. Implementing simple and economical analytical systems, such as the proposed
sensor, rather than those that can only boast performance at the research level, is often
more valuable and practical.

Although it could be a stimulus and challenging to progress toward realizing a pho-
tonic integrated circuit, many technological and economic difficulties must be solved.
Novel sensing approaches, such as those reported in [46–49], could be used to obtain
high-performing integrated optical sensor chips. However, we prefer to develop sensors
and methods with high selectivity and sensitivity of ready use, easy to realize and low cost.

3.2. Selectivity Tests and Real Samples Analysis

Selectivity tests were performed first by measuring glyphosate with NIP-based three-
hole POF chips and then by analyzing samples containing another pesticide, bentazon,
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as a possible interferent. Figure 6 shows the mean dose–response curve obtained from
independent calibrations performed with three NIP-based three-hole POF chips equally
prepared; the dose–response curve obtained with the five MIP-based three-hole POF chips
was also reported for a direct comparison.
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As can be seen from the graph of Figure 6, with the NIP-based three-hole POF chips, no
significant shift of the resonance wavelength occurred for the standard solutions at different
glyphosate concentrations, allowing the assertion that any non-specific interactions of the
target analyte with the non-imprinted polymer are irrelevant to the SPR measurements.

Subsequently, sample solutions containing the herbicide bentazon (3-isopropyl-1H-
2,1,3-benzothiadiazin-4(3H)-one 2,2-dioxide) were analyzed with the same MIP-based
three-hole POF chip to prove the selectivity of the developed sensor. Figure 7 reports
the SPR spectra obtained for two solutions containing bentazon, respectively, 0.4 µM and
1.7 µM (spectra red and fuchsia in Figure 7), and the spectrum of a blank solution (ultrapure
water, spectrum blue in Figure 7) for comparison. No significant shift in the resonance
wavelength was observed despite the high (µM range) analyte concentration. Conversely,
the blue shift occurred only in the presence of glyphosate, as evident from the spectra
obtained for glyphosate solutions, respectively, 3.0 nM and 60 nM (light blue and green
spectra in Figure 7).

To verify the applicability of the developed sensing system to the analysis of envi-
ronmental waters, two samples of drinking water (sampled from the tap of the lab) were
fortified with two different glyphosate concentrations: sample (a) with GLY 0.89 nM, i.e.,
0.15 µg L−1 and sample (b) with GLY 1.18 nM, i.e., 0.2 µg L−1. The standard addition
method was applied for glyphosate quantification, and the graphs are shown in Figure 8.
The recovery percentage is reported in Table 4, with the concentration obtained from the
analysis of the same samples by LC-MS as a reference method. For these tests, two different
MIP-based three-hole POF chips were employed.
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(b) for the tap water sample spiked with GLY 1.18 nM. The concentration in the test sample is the
x-intercept of the plot (orange point in the graph), and its value is computed by the ratio of the
y-intercept and the slope of the regression line.

Table 4. Determination of glyphosate in fortified drinking water samples by the MIP-based POF
chip/SPR-POF platform. The number in parenthesis is the standard deviation on the last digit.

Sample [GLY]added (nM) [GLY]found (nM) Recovery% Error% [GLY]LC-MS (nM)

(a) 0.89 0.90 (8) 102 +1.8 0.85 (5)
(b) 1.18 1.16 (9) 98 −2.0 1.20 (3)

The results obtained with the MIP-based POF chip and SPR-POF platform are in good
agreement with those achieved with the chromatographic method; moreover, the high
recovery % and the low error % make the method promising for environmental analysis.



Chemosensors 2023, 11, 414 11 of 13

4. Conclusions

The present study demonstrated the excellent performances of a MIP-based three-
hole POF chip combined with an SPR-POF platform for glyphosate detection at very low
concentrations (nM level). The device examines the refractive index variation in the chip
realized by drilling three micro-holes in a POF, orthogonally to the fiber axis, and filled with
molecularly imprinted polymer (MIP), selective for the target analyte. The MIP-based chip
is connected in series to a sensing SPR-POF platform so that the MIP-glyphosate interaction
modifies the surface plasmon resonance phenomena without changing the medium in
contact with the SPR surface.

The good selectivity and the high sensitivity at low analyte concentrations make the
sensor promising for glyphosate detection at trace concentrations in environmental samples;
moreover, the detection limit achieved is lower than the maximum residue limit (MRL)
established by the EU (0.1 µg L−1) for drinking waters, making the method adequate for
glyphosate sensing, also in non-contaminated waters.

The easy realization, the relatively low cost of the instrumentation, and the reduced
volume of sample required for the analysis are further advantages for future in-field appli-
cations (being the instrument portable) for the continuous monitoring of the contamination
of this herbicide in the environment.
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