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Abstract

The widespread use of the pesticide glyphosate has raised concerns regarding its potential health
and environmental impacts. Consequently, there is an increasing demand for monitoring
glyphosate levels in surface waters and food products. Currently, there is no commercially
available rapid, field-deployable sensor capable of quantifying glyphosate concentrations in
environmental samples. This study presents the development of a biosensor based on laser-induced
graphene (LIG) that is functionalized with transition metal dichalcogenides (TMDs) and the
enzyme glycine oxidase. The LIG is created through a scalable process using a CO; laser to convert
polyimide into a porous, nano/microstructured graphene architecture. The high surface area of LIG
acts as a conductive scaffold for subsequent functionalization of both molybdenum disulfide
(MoS2) and molybdenum diselenide (MoSe») to further improve the electroactive surface area of
the electrode. The sensors demonstrate linear sensing ranges from 10-90 uM glyphosate with
detection limits of 4.0 and 6.1 puM for LIG electrodes modified with MoS, and MoSe,,
respectively. Furthermore, the sensors display negligible interference from commonly applied
agrochemicals while capable of monitoring glyphosate in food slurries as confirmed with liquid
chromatography-mass spectrometry. The developed sensor combines scalable manufacturing with

cost-effective TMDs, providing a robust approach for glyphosate assessment in food products.



Introduction

The pesticide glyphosate is the most widely used herbicide across the globe to ensure weed
control in both agricultural and residential settings.! Glyphosate has recently come under heavy
scrutiny due to concerns about its potentially adverse effects on human health.? The International
Agency for Research on Cancer (IARC) classified glyphosate as a probable human carcinogen,
and (aminomethyl)phosphonic acid (AMPA), one of its main metabolites, is strongly associated
with genotoxicity and oxidative stress—factors linked to various human diseases, including
inflammation, neurodegenerative conditions, cardiovascular diseases, and cancer.>* This criticism
has even led one producer to voluntarily cease selling glyphosate for residential use in the United
States.” Extensive, large-scale use of glyphosate raises the potential for environmental
accumulation that poses a chronic health risk to animals and humans exposed to these residues
through the water and food they consume.®’ To address this concern, there is a growing demand
for the development and implementation of low-cost pesticide sensors throughout the food supply
chain, ensuring timely detection and mitigation of potential risks to human and animal health.’
However, current glyphosate detection technology requires field samples be shipped to
laboratories for expensive analysis that requires extensive sample preparation as well as highly
skilled personnel to analyze the samples. Despite being the most widely applied herbicide,
glyphosate is paradoxically one of the most challenging to detect, a phenomenon often referred to
as the 'Glyphosate Paradox".’

A plethora of in-field, glyphosate sensor research has valiantly tried to address the
'Glyphosate Paradox." However, a careful review of the various types of sensors developed
underscores their limitations and the necessary enhancements required to create glyphosate sensors

suitable for widespread deployment. For example, field-effect transistors (FETs) have been



10-12 cyanobacteria photosynthetic activity,'* and CdS/ZnO

coupled with Cu?* competitive binding,
heterojunctions'* to detect glyphosate. Nevertheless, FETs can present issues with non-specific
binding and adsorption due to their sensitivity to temperature, humidity, and pH, while their
complex fabrication often makes them too expensive for widescale environmental monitoring.'>
Some have detected glyphosate using chemiluminescent sensors functionalized with glyphosate
oxidase on ZnO with LODs less than 1 uM but utilize complex equipment that is not field
deployable and cannot be miniaturized for ease-of-use.'® Additionally, chemiluminescent sensing
in turbid samples may suffer optically and presents analytical and equipment complications
associated with fluid addition and monitoring while analyzing samples.!” Molecularly imprinted
polymers (MIPs) have demonstrated remarkable LODs (5 fg/mL to 0.046 ug/mL) but either utilize
expensive gold materials or test for limited target species.'®!® Furthermore, scaling up MIP
fabrication presents challenges in manufacturing processes and maintaining compliance with
established laboratory protocols.?’ Electrochemical sensors, which generate electronic signals
through protein binding and/or the oxidation and reduction of species, offer promising prospects
in various sensing domains.?!?> These devices can be integrated into user-friendly technologies
and interfaces for the end user.?® Typically, electrochemical sensors are made from conductive
materials like gold, platinum, or carbon.?*?* Of the carbon materials, graphene is widely used due
to its electrical conductivity, high surface area, low-cost, and electroactive sites.?® Furthermore,
we contend that the utility of laser-induced graphene (LIG) holds key advantages over other
carbon-based sensors due to its ease-of-fabrication, elimination of post-print annealing, and
avoidance of ink synthesis and volatile solvents. Additionally, the high surface area of these LIG
electrodes is particularly well suited for subsequent functionalization with nanomaterials, such as

noble metal nanoparticles and enzymes, to improve the efficiency of superficial redox reactions



and to assist in selectively monitoring pesticides.?” Our research group, along with others, has
employed enzyme functionalized LIG for electrochemical pesticide monitoring, encompassing

9 and even the herbicide glyphosate.’! In each

organophosphate insecticides,?®?° fungicides,’
instance, the LIG was enhanced with gold or platinum nanoparticles to boost its catalytic
properties, thus improving the sensor's sensitivity for on-site pesticide detection, albeit at an
increased initial manufacturing cost.

To improve the performance of electrochemical sensors and to reduce the reliance on costly
noble metals in electrochemical electrodes, researchers have recently turned to 2D molybdenum-
based nanosheets to enhance electrochemical reactivity.*?* Molybdenum-based nanosheets have
attracted rapidly growing interest for their unique properties and 2D structures, which have
demonstrated potential in sensing applications by enhancing the sensitivity and selectivity of
sensors towards specific targets.>*>® Recently, 2D transition metal dichalcogenides based on
sulfides and selenides have become the most used materials for biosensors.** Molybdenum
disulfide (MoS,), as well as molybdenum diselenide (MoSe»), have become potential biosensor
component candidates due to their promising electrocatalytic properties. MoS, and MoSe» are
semiconductors possessing an indirect bandgap transition energy, which turns to direct going from
bulk to monolayers, enabling fast charge transfer to boost sensing performance.®’ In addition to
this, these bidimensional materials offer high-carrier mobility and a large surface-to-volume ratio
depending upon how they are implemented.*® Specific to electrochemical sensing, electrodes
fabricated with MoS: or MoSe: detect at lower and negative potentials than those fabricated with
noble metals like platinum, which reduces the risk of interference from species like chlorine and

nitrite, thereby enhancing specificity and reliability in complex food and agricultural samples.*”-

41 To harness the benefits of both carbon materials and molybdenum nanomaterials, researchers



have combined these materials and explored the electrocatalytic properties of various MoX»-
graphene heterogeneous structures. Different methods have been explored to pair the
electrocatalytic properties of both materials using mixed-dimensional heterostructures for
photodetectors,*? lateral grown heterostructures through band alignment engineering,* and
nanocomposites for improved lithium-ion battery storage.** Additionally, researchers have found
that the combined MoS; and graphene heterostructures reduced the work function compared to
graphene alone.*® Furthermore, it has been shown that increasing the layers of MoS;-graphene
heterostructures can directly improve and tune the charge transfer capabilities of the overall
material.*® To further demonstrate the utility of MoS,-graphene heterostructures, researchers have
created an NO» gas sensor owing its advantages to the exposed active edge sites of the MoS»-
graphene heterostructures.*’” Others have utilized MoS,-graphene heterostructures in
electrochemical sensing applications for pathogens,*® flavonoids,*’ and even the organophosphate
pesticide methyl parathion.’® However, to our knowledge, MoS2/MoSe,-graphene heterostructures
have not been previously demonstrated for electrochemical glyphosate monitoring.

In this work, we investigate the use of 2D-MoS, and 2D-MoSe; nanosheets produced via
liquid phase exfoliation (LPE) and liquid cascade centrifugation (LCC)’'~>* in improving the
sensing performance of an enzymatic glyphosate electrochemical sensor by taking advantage of
the enhanced electroactive surface area of the monodispersed Mo-based nanosheets on an LIG
platform. We demonstrate the fabrication of MoX>-LIG heterostructures and their utility for
electrochemical sensing, offering a useful and cost-effective sensing platform that does not require
expensive metallic nanoparticles like gold, platinum, or silver with the added benefits of the
biocompatibility associated with MoS, and notable electro-conductive properties of MoSez.>*

Notably we introduce several important concepts for electrochemical detection of the herbicide



glyphosate with an electrode functionalized with glycine oxidase: (1) MoS> and MoSe; permit the
operation of the electrode at a negative working potential (i.e., -0.15 V vs Ag/AgCl) which reduces
or eliminates the interference of electroactive species found endogenously in field samples, (2)
differential pulse voltammetry can be used to monitor the glyphosate-glycine oxidase reaction on
the electrode surface which enhances signal-to-noise ratios of the sensor and improves target
detection in complex mixtures , and (3) noble metals can be completely eliminated from the sensor
design. Consequently, the resultant MoX>-LIG electrochemical sensors exhibited glyphosate
limits of detection (LOD) of 4.0 and 6.1 uM for LIG electrodes functionalized with MoS> and
MoSe;, respectively. This performance underscores the suitability of the sensors for food safety
analysis, particularly given that glyphosate concentrations in soybeans and pinto beans range from
3 to 10 uM.> Furthermore, the sensors demonstrated consistent monitoring of glyphosate in actual
soybean and canned pinto bean samples as confirmed with liquid chromatography coupled with

mass spectrometry (LC-MS), yielding recovery percentages ranging from of 81.3% to 120%.

Results & Discussion

1. Sensor Fabrication

The fabrication and functionalization process for the developed 3-electrode enzymatic MoX»-
LIG biosensor is illustrated in Figure 1. The conductive base layer of the sensors, consisting of
LIG, was created by irradiating polyimide film with a commercial CO> laser. This process
transformed sp’ carbons in the polyimide film into sp? hybridized carbons.’® Next, Ag/AgCl ink
was painted onto the reference LIG electrode and coated with a salt-loaded PVC membrane to
establish a stable and durable solid-contact pseudo-reference for the biosensor.>” To improve the

electroactive surface area properties of the working electrode, the respective MoX> nanomaterials,



centrifuged at 1.5 krpm, were progressively drop-coated onto the surface of the working electrode
until the desired volume was deposited. Concurrently, the surface was heated to 100 °C to decrease
the drying time of the MoX> coatings. See the Methods and Materials section for MoX> suspension
preparation and electrode optimization by varying the centrifugation rate and drop-coated volume.
The MoX> modified LIG working electrodes were then biofunctionalized with the glyphosate
biorecognition agent glycine oxidase, glutaraldehyde as the cross-linker, and flavin adenine
dinucleotide (FAD) as the cofactor, similar to our previous work.>! The electrochemical detection
of glyphosate and a simplified chemical reaction are illustrated in Figure le. Scheme 1
demonstrates the enzymatic reaction and sensing mechanism between the enzyme glycine oxidase
and its substrate, glyphosate, facilitated by the developed biosensor.>® To further underscore the
cost-effectiveness of the fully functionalized sensor, a materials cost analysis was conducted, as
detailed in Table S1, revealing a cost of $14.55 per sensor. The enzyme glycine oxidase
represented the majority of this cost at approximately $14.42 per sensor. Consequently, sourcing
a vendor capable of scaling up enzyme production could significantly reduce the overall materials

costs of the sensor.
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Figure 1. Sensor fabrication and functionalization schematic. a) Laser irradiation of polyimide
film into amorphous graphene, b) application of silver electrical leads, acrylic passivation layer,
and a silver/silver chloride reference to the LIG 3-electrode design, ¢) MX> drop-coating onto the
LIG working electrode while heated at 100 °C, d) enzymatic functionalization of working
electrode, e) simplified enzymatic reaction scheme resulting in the product, H>O2, which is
subsequently reduced at the MoX»-LIG working electrode.

Scheme 1. Reaction scheme of glyphosate with glycine oxidase (GlyOx) with
(aminomethyl)phosphonic acid (AMPA) as the primary degradation product of glyphosate.
Scheme also shows the reduction of hydrogen peroxide (H20,) at the developed biosensor surface.

GlyOx — FADx + glyphosate == GlyOx — FAD,.q + AMPA + glyoxylate
GlyOx — FADeq + O, == GlyOx — FAD,x + H,0,
H,0, + 2e™ == 20H~
2. Materials Characterization
As outlined in Scheme 1, hydrogen peroxide (H20.) is produced during the enzymatic reaction,
and various Mo-based nanomaterials have been investigated for its detection, with studies utilizing

MoS; and MoSe; surfaces to measure H,O: in contexts ranging from intracellular spaces to tumor

cell byproducts and biological fluids such as urine and serum.>*~%? For this reason, 2D-MoS; and
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2D-MoSe; were selected as candidates to modify the LIG surface and, thus, develop a new avenue
for glyphosate detection.

To gain a deeper insight into the morphologies and compositional properties of the MoX>
and laser-induced graphene (LIG) electrode materials, we utilized a suite of characterization
techniques. These included scanning electron microscopy (SEM) for detailed imaging of surface
morphology, dynamic light scattering (DLS) for assessing particle size distribution, and energy
dispersive X-ray (EDX) analysis for elemental composition determination (Figure 2). SEM
images revealed the morphology and nanostructures, visually confirming the successful
exfoliation and deposition of nanomaterials on the LIG surface and showed the heterogeneous
MoX>-LIG composition (Figure 2a-b,d-e). Cross-section images (Figure S1) indicated an
average LIG thickness of 31.4 + 3.2 um. DLS analysis clarified the size distribution of
nanoparticles in the MoS> colloidal dispersion, revealing a range from 231 nm to 5.3 um, with the
relative intensities of the respective sizes being 98.2% and 1.8% (Figure 2¢). For the MoSe>
colloidal dispersion, a narrow distribution peak near 100.6 nm was observed (Figure 2f). The low
polydispersity indexes of 0.274 for MoS> and 0.249 for MoSe; suggested highly monodisperse
suspensions, a finding in agreement with the SEM observations. It should be noted here that
previous studies have characterized MoS, and MoSe> materials, observing a wide variety of
particle sizes and distributions. Notably, a nanocomposite for drug delivery, incorporating MoS»
with starch and chitosan, was synthesized through hydrothermal treatment.®® This method achieved
a comparable polydispersity index (PDI) of 0.2; however, it required an extensive and intricate
synthesis process that involved high temperatures, pressures, and multiple solvents. Liquid phase
exfoliation (LPE) of 2D materials like MoS> and MoSe: offers simplicity and cost efficiency

compared to other methods, including the hydrothermal approach previously mentioned.
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Nonetheless, LPE faces inherent challenges, such as wide size distributions and relatively large
lateral dimensions.®* However, LPE coupled with liquid cascade centrifugation (LCC), the
technique used in this research, has boasted fine control and high yield of nanosheet dispersions
and uniform size distributions, thus explaining our monodispersed suspensions for both
materials.®> Moreover, EDX of the MoS, and MoSe, nanosheets based-LIG confirmed the
presence and the well distribution of the main Mo, S, and Se elements on the electrode surface

(Figure 2g-1). The EDX spectra is shown in Figure S2, which indicated no contaminants.

MoSe,

Figure 2. Morphology and size characterization portraying a-b) SEMs of LIG-MoS;
heterostructures at 5,000X and 25,000X, c) DLS size distribution of the MoS; liquid suspension,
d-e) SEMs of LIG-MoSe; heterostructures at 5,000X and 25,000X, f) DLS size distribution of the
MoSe: liquid suspension, EDX mapping of LIG-MoS: for g) Mo, h) S, i) combined MoS., and
EDX mapping of LIG-MoSe: for j) Mo, k) Se, and 1) combined MoSe,.

To further inspect the material properties of the MoX>-LIG surfaces, Raman spectroscopy

and x-ray photoelectron spectroscopy (XPS) were performed to investigate the chemical makeup
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of the modified surfaces (Figure 3). The Raman spectrum (Figure 3a-b), which was collected
using an excitation wavelength of 532 nm, identified the characteristic E'2; (383 cm™) and Ay,
(408 cm™") peaks for MoS,, which correspond to in-plane (E'2,) and out-of-plane (A,) vibrational
modes within the MoS; layer and were consistent with other Raman spectra.’*>1:66-688 MoS,-
modified sensors displaying similar Raman spectra have been developed to detect various
biomarkers, such as xanthine and dopamine, but these nanomaterials were synthesized using
hydrothermal processes notably more complex than the LPE-LCC process used in this work; thus,
this characterization highlights the inherent benefits of LPE-LCC compared to hydrothermal
methods while yielding similar material properties.®’° Additionally, the sole and distinctive A,
(242 cm™) peak was observed for the MoSe> sample, indicating a 2H-MoSe structure.”! Previous
research has developed MoSe; and graphene hybrids for sodium storage, utilizing either Hummer’s
method or hydrothermal processes to produce graphene, which adds complexity compared to the
simpler laser conversion process employed in this study.”>’? Characteristic graphene peaks were
assigned to the D (1350 cm™), G (1580 cm™), and 2D (2690 cm™') bands where the D band
corresponds to defects in the graphene, G band indicates in-plane vibrations, and 2D band
represents second order zone-boundary phonons.”* The intensity ratio between the D and G peak,
In/Ig, was calculated to be 1.1 and suggested a defect-rich surface. The intensity ratio between the
2D and G peak, Iop/lg, corresponds to the number of graphene layers and was found to be 0.4,
indicating multilayered graphene (Iop/Ig < 1).”> XPS measurements displayed various peaks which
were identified as the carbon (C 1s), oxygen (O 1s), molybdenum (Mo 3p, Mo 3d), sulfur (S 2s, S
2p), and selenium (Se 3s, Se 2p, Se 3d) components similar to other MoXo-graphene
heterostructure reports (Figure 3c-f).”!7%77 Residual sodium from the surfactant used to stabilize

the suspensions was observed at the Na 1s band (1067.7 eV). The O 1s band (532.0 eV) indicated
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the oxygen functionality of the surface necessary for enzyme attachment while the C 1s peak
(281.0 eV) contained sp2-hybridized carbons. The high-resolution Mo 3d band (Figure 3d)
contained three common peak locations in both the MoS, and MoSe; samples namely the 3ds.
(~229 eV) and 3ds» (~232 eV) peaks resultant of the Mo (IV) oxidation state as well as a strong
peak near 235.2 eV opined to be the Mo (VI) species represented by the Mo-O-C bond.”"’®
Additional peaks were observed to be shifted from the 3ds, and 3dz» bands, signifying both 2H
and 1T structures were present.”” The deconvoluted S 2p spectrum (Figure 3e) possessed the 2ps»
and 2p1, orbitals consistent with other works.®’ The Se 3d spectrum (Figure 3f) displayed the

characteristic 3ds» and 3ds» with smaller and slightly shifted peaks believed to indicate a mix of

2H and 1T structures as mentioned previously.?!:3
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Figure 3. Material composition characterization portraying a) Raman spectrum of LIG-MoS;
(red), LIG-MoSe; (blue), and LIG (black), b) zoomed-in Raman of MoS,/MoSe, modes, ¢) XPS
survey, d) deconvoluted Mo 3d band, €) deconvoluted S 2p band, and f) deconvoluted Se 3d band.
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3. Electrochemical Characterization

The electrochemical characterization of MoX>-LIG sensors and the verification of
nanomaterial and enzyme functionalization were both conducted through cyclic voltammetry (CV)
in a solution containing the redox probe ferri/ferrocyanide (Figure 4a,d). The electrode and cable
connections are shown in Figure S3. As MoX> nanomaterial was deposited onto the LIG surface,
an increase in the anodic and cathodic currents were observed, indicating an increase in the
electroactive surface area of the electrode surface due to the MoX:-LIG heterostructures.
Furthermore, after the enzyme functionalization, a decrease in current was observed, indicating
successful enzyme attachment, which has been demonstrated in other enzyme-attachment studies
using electrochemical impedance spectroscopy on pencil graphite sensors for the detection of
glyphosate.®®> Furthermore, cyclic voltammograms obtained at varying scan rates (Figure 4b,e)
were used to estimate the electroactive surface area (ESA) of the electrodes as well as to produce
the corresponding Randles-Sevcik plots (Figure 4c,f). These ESA values were calculated using
the Randles-Sevcik equation for quasi-reversible systems (Eq. 1) where i, is the cathodic/anodic
peak current, A is the ESA, D is the diffusivity, n is the number of electrons transferred in the
ferri/ferrocyanide probe, v is the scan rate, and C is the concentration of the redox species.*
Though linearity was observed in the Randles-Sevcik plots, which typically indicates diffusion-
controlled processes, the drift in peak-to-peak potentials as the scan rates increased suggest a quasi-
reversible system. 4%

i, =2.63 x 10° ADY2n3/2yY2 ¢ Equation (1)

The MoS: and MoSe: sensors exhibited an ESA of 0.161 cm? and 0.178 cm?, respectively,

which constitute 227% and 244% of their respective geometric surface areas. These values surpass

the calculated bare LIG ESA of 189%, highlighting the enhanced surface area and distinctive
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properties of these nanomaterials on LIG. These ESA values are also consistent with the surface
morphology depicted in Figure 2, which illustrates the nanomaterial coverage on the LIG and its
porous structure. Similar ESA values were previously reported for LIG functionalized with electro-
and electroless deposited platinum nanoparticles on identically sized electrodes (3 mm diameter)
with values of 0.193 cm? and 0.169 cm? 3%, This evidence suggests that MoS> and MoSe can
offer comparable electroactive surface areas to noble metals such as platinum but with the

advantage of reduced cost.
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Figure 4. Electrochemical characterization of the MoX»-LIG sensor. a,d) Cyclic voltammograms
in ferri/ferro cyanide at each functionalization step including MoX> and enzyme deposition, b,e)
cyclic voltammograms in ferri/ferro cyanide at varying scan rates, and c,f) corresponding Randles-
Sevcik plots.
4. Enzyme Cross-Linking Study
The developed MoX>-LIG sensors employ glutaraldehyde (GA) for the immobilization of
enzymes, specifically utilizing GA for the covalent attachment of glycine oxidase. This method

significantly enhances the long-term stability of the sensors and increases selectivity by reducing

non-specific adsorption of interfering compounds found endogenously in solutions.’” To
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determine the most effective glutaraldehyde (GA) concentration for improving biosensor
performance, working electrodes were drop-coated with various GA concentrations (0.25%, 0.1%,
and 0.01%), along with glycine oxidase and Flavin Adenine Dinucleotide (FAD) (see
Experimental Section). These sensors were evaluated against those functionalized with enzymes
through  covalent bonding using ethyl-3-(3-dimethylaminopropyl)  carbodiimide/N-
hydroxysuccinimide (EDC/NHS) chemistry. All of these sensor biofunctionalization protocols
were designed to observe changes in the glyphosate reduction signal within the 0 to -0.2 V range
versus Ag/AgCl, as depicted in Figure Sa-b. However, the use of EDC/NHS for linking resulted
in a minimal reduction signal when exposed to 1- and 5-mM concentrations of glyphosate.
Interestingly, the reduction peak became more pronounced as the concentration of glutaraldehyde
was reduced from 0.25% to 0.1%. This suggests that lower concentrations of glutaraldehyde lessen
its capacity for cross-linking between enzymes, thereby preserving more enzymatic sites for
interaction with glyphosate. Conversely, higher concentrations of glutaraldehyde create more
stable and robust covalent bonds, leading to an excess of covalent linkages that may inadvertently
diminish enzyme activity.®® For the MoS; sensor, there was a noticeable decrease in the reduction
peak when the glutaraldehyde (GA) concentration was lowered from 0.1% to 0.01%, suggesting
that such a low concentration was inadequate for effectively attaching the enzyme to the surface
of the electrode. Conversely, the MoSe> sensor demonstrated similar responses at both 0.1% and
0.25% GA concentrations. As a result, a 0.1% concentration of glutaraldehyde (GA) was
determined to be the most effective for attaching the enzyme to the surfaces of MoX,-LIG

electrodes, thereby creating the MoX»-LIG biosensors.
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Figure 5. Cross-linking study displaying differential pulse voltammograms for a) MoS,-LIG and
b) MoSe»-LIG electrodes in 10X PBS (black), 1 mM glyphosate (red), and 5 mM glyphosate (blue)
at decreasing concentrations of glutaraldehyde and using EDC/NHS chemistry.

5. Glyphosate Detection

The resultant MoX,-LIG biosensors were calibrated with increasing concentrations of
glyphosate (10-90 pM), aligning with the known ranges of glyphosate residues found in food, as
shown in Figure 6a,d. Differential pulse voltammetry (DPV) was performed in 10X phosphate
buffer saline (PBS) pH 7.4 over the reduction range of interest. DPV was selected for
electrochemical analysis as this technique limits capacitive noise and produces defined peaks that
are characteristic of the target even in the presence of other electroactive species.* Distinct
reduction peaks were observed near -0.15 V vs Ag/AgCl, indicating the successful enzymatic
oxidation of glyphosate and by extension, the reduction of hydrogen peroxide at the MoX>
surfaces. As the concentration of glyphosate increased, the magnitude of the reduction peaks
increased as well, indicating linear behavior and good correlation, with an R? of 0.961 and 0.987
for the MoS2-LIG and MoSex-LIG biosensors, respectively. The corresponding sensitivity plots
(Figure 6b,e) yielded sensitivities of 47.0 and 22.8 nA/uM and limits of detection (LODs) of 4.0

and 6.1 uM for the MoS,-LIG and MoSe>-LIG biosensors, respectively. The electroanalytical
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performances of the proposed MoX>-LIG biosensors were compared with those of other
glyphosate electrochemical sensors reported in the literature (Table S2). Though other works
displayed lower LODs (nM to uM), our LOD and linear range effectively address the target
concentrations of glyphosate in food extracts. The performances of our sensors are comparable to
previously reported state-of-the-art glyphosate electrochemical sensors, with the advantage of
using an easy synthesis procedure, simple sensor fabrication, and a sensor capable of detecting
glyphosate in the food matrix without employing a complex extraction procedure. Furthermore,
our glycine oxidase-based biosensors presented similar LODs and linear ranges compared to other
works!%°! that have developed glycine oxidase-based biosensors, which demonstrates that these
biosensors have approached their sensing limits as the same enzyme yields similar behavior and
figures of merit based upon its enzyme kinetics. Our obtained sensor reproducibility for n=4
sensors of both materials is illustrated in Figure 6c,f. The MoS>- and MoSe>-LIG biosensors
performed consistently with average relative standard errors of 5.7% and 12.9%, respectively, thus
highlighting the biosensor-to-biosensor reproducibility and reliability. The biosensor repeatability
was investigated for n=3 and indicated a strong correlation with an R? of 0.977 and 0.996 for
MoS;- and MoSe»-LIG, respectively (Figure S4). The sensors were further validated against a
control experiment to confirm that the MoX,-LIG materials without enzyme do not directly engage
with glyphosate (Figure S5). From this investigation, the DPV comparisons distinctly prove that
the MoX>-LIG materials without enzyme yielded negligible responses compared to the expected
signal of the enzymatic sensors. Therefore, it is the sole reaction between glyphosate and glycine
oxidase that produces the H>O», which is read electrochemically. Sensor stability over multiple
scans was also performed and confirmed accurate readings of 50 uM glyphosate where the signal

was maintained at ~90% by the third scan for both electrodes and dropped to 84.2% and 81.3% of
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the original signal by the fifth scan for MoS>- and MoSe»-LIG, respectively (Figure S6). The
decrease in signal could possibly be attributed to the build-up of byproduct after each scan (AMPA
and glyoxylate), which creates a growing diffusion layer that hinders the mass transport of the
fresh electroactive byproduct.®? These results indicated the stable reading of a known concentration
of glyphosate can be achieved over multiple scans and suggested that the devices should not be
used beyond the third scan without cleaning and refreshing the sensing surface. Furthermore,
experiments were conducted at room temperature. As the intended food application requires a
homogenization step (see Methods and Materials) that would be performed in a temperature-
controlled environment, temperature fluctuations would not be expected.

The sensing mechanism used in this work presents inherent benefits and elucidates many
challenges when developing a biosensor with specificity toward the target. The usage of MoS, and
MoSe; in the direct reduction of H>O> at negative potentials near -0.15 V vs Ag/AgCl demonstrates
a key advantage compared to other nanomaterials, such as platinum, that oxidize H,O> at more
positive potentials ranging from 0.6 to 0.8 V vs Ag/AgC1.31°%% By operating at lower and negative
potentials, the likelihood of oxidizing possible interferent species present in food and agricultural
samples, including chlorine (1.2 V vs Ag/AgCl) and nitrite (0.5 to 1 V vs Ag/AgCl), is mitigated.**~
4! Therefore, the MoS> and MoSe: functionalized biosensors avoid a host of interferent species

based upon the electrochemical reduction mechanism alone compared to the current literature.
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Figure 6. Electrochemical detection of glyphosate with MoS,-(a-c) and MoSe»-(d-f) modified
biosensors. a,d) Calibration of MoX>-LIG biosensors to increasing concentrations of glyphosate

in 10X PBS pH 7.4, b,e) corresponding sensitivity plots displaying the linear range of each
biosensor, and c,f) sensitivity plots for n=4 different biosensors.

6. Long-term Stability and Interference

Long-term stability of the MoX>-LIG biosensors was monitored by performing DPV
calibrations over a period of 21-34 days (Figure S7). Throughout this duration, the biosensors
consistently detected glyphosate, exhibiting average sensitivities of 11 =3 and 18 £ 2 nA/uM for
the MoS>-LIG and MoSe>-LIG sensors, respectively. In summary, both types of biosensors
demonstrated significant and sustained responses to glyphosate, effectively maintaining the
catalytic properties of the MoX> materials and stability of the enzyme attachment. We hypothesize
that the notable long-term stability of these biosensors can be linked to the pre-calibration
conditioning steps. Prior to calibration, each sensor was exposed to glyphosate concentrations of

1 mM and 5 mM—Ievels significantly higher than those typically encountered in their application.
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This pre-exposure is thought to condition the enzyme, maintaining it in an optimal conformation
for effective substrate interaction. Such a conditioning process likely contributes to the biosensors
maintaining their sensitivity for a period of 21-34 days post-initial calibration. This theory is
bolstered by the understanding that protein interactions with external matrices can enhance
stability by limiting the protein's structural flexibility, thereby minimizing its likelihood of
denaturation.”* As such, the findings from this long-term stability study underscore the reusability
of the biosensors. Additionally, various cross-linking approaches could be investigated to further
improve the shelf-life of the electrodes (i.e., comparing stability and sensitivity as a function of
the free and bound enzyme amines) by carefully manipulating the covalent linkages between the
electrode surface and enzyme.”

To further validate the specificity of the biosensors, the developed MoS,-LIG biosensor
underwent testing against various pesticides and (aminomethyl)phosphonic acid (AMPA), a
primary degradation product of glyphosate. DPV scans (Figure S8) were conducted in
environments containing 50 uM glyphosate alongside 50 uM of potential interfering substances,
as depicted in Figure 7. The selection of interfering pesticides for this analysis was informed by
their common presence in similar agricultural products. For example, neonicotinoids are typically
applied as seed treatments and may persist in a variety of foods,’® while the major herbicide,
dicamba, is similarly found in foods such as tomatoes.”” The commonly applied insecticide
parathion as well as the fungicide carbendazim were investigated as both persist in food. Trace
minerals, such as iron and zinc, were further tested. These experiments were designed to closely
mimic real-world conditions, thereby validating the applicability and reliability of the biosensors
in detecting glyphosate in complex matrices. Consequently, the acquired signals to glyphosate in

the presence of possible interferents yielded recovery signals with respect to the expected signal
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to 50 uM glyphosate that ranged from 86.3-111.1% for MoS;-LIG and 79.3-98.8% for MoSe:-
LIG. This data suggests that possible electroactive species do not electrochemically react within
the sensing window, and other agrochemicals minimally affect the sensing response to glyphosate
with the exception of dicamba on the functionalized MoSe>-LIG device, which produced a
recovery percentage of 79.3%. Since the experiment performed with MoS,-LIG and dicamba
produced a recovery percentage of 92.0%, we hypothesize that dicamba did not interfere with the
enzyme but interacted with MoSe: itself by impeding its ability to turnover H>O» possibly due to
the functional groups or elements present in dicamba. Therefore, there is an advantage in
developing the two similar MoX>-LIG biosensors, which further elucidates the tradeoftfs between
MoS; and MoSe; in sensitivity, LOD’s, and possible interferent species. It is in comparing the
performances of the MoS2/MoSe»-LIG electrodes that analytical issues can be circumvented with

respect to interferent species by using one device over the other.
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Figure 7. Interference study comparing biosensor responses to 50 uM glyphosate in the presence
of 50 uM potential interfering species for a) MoS2-LIG and b) MoSe>-LIG.
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7. Glyphosate Determination in Food Samples

To validate the MoX>-LIG biosensors, food samples known for high glyphosate residue
levels were chosen for testing. Specifically, soybeans and pinto beans, which typically contain
glyphosate concentrations ranging from 3 to 10 uM, were selected as ideal candidates for these
validation experiments.>> The glyphosate concentrations in these food samples were quantified
electrochemically and confirmed with liquid chromatography-mass spectroscopy (LC-MS). In
short, a 1:1 (w/v) slurry of homogenized food sample and 10X PBS were prepared for
electrochemical tests (see Experimental Section). Sensors were submerged in this mixture and
DPV scans were performed. For (LC-MS) confirmation, the Quick Polar Pesticide (QuPPe)
method was used to quickly extract glyphosate from the same homogenized sample.”® An internal
standard (glyphosate-2-'>C) was used to improve the accuracy of the LC-MS data. Figure S9
displays the extracted chromatograms of the calibrated model of glyphosate and the internal
standard. Figure S10 displays the extracted chromatograms of the food samples at a molecular
weight of 168.0067 g/mol with a distinguished peak near 1.2 minutes; the linear regression and
calibration are shown in Figure S11. Table 1 reports the electrochemical and LC-MS responses
with recovery percentages ranging from 81.3 to 120%. The MoSe>-LIG sensors tended to
overpredict the presence of glyphosate, suggesting a potential for nonspecific interactions with
other components within the food matrices. To address this, a modeling factor was introduced to
refine the accuracy of each biosensor readings across different foods, given that both MoS»- and
MoSe>-LIG biosensors reported comparable glyphosate concentrations in identical food samples.
This adaptation led to the development of a food-specific modeling factor, acknowledging that
electrochemical responses could vary significantly across different food slurry matrices. These

variations and the corresponding adjustments are thoroughly documented in the supporting
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information (Table S3). Remarkably, this study represents the first instance of glyphosate being
electrochemically detected in food samples with confirmation via LC-MS, diverging from
previous methods that relied on testing biosensors with manually spiked food samples.”
Moreover, the process for electrochemical detection of glyphosate in these food samples did not
necessitate complex extraction procedures, streamlining the testing process. To analyze the
robustness of each electrode, the electrodes were mechanically deformed around a 1 mm diameter
rod (displayed in Figure S12), and the 2-point resistance of n=3 functionalized sensors was
measured for both MoS»- and MoSe>-LIG (Figure S13). Over the course of 10 bending cycles, the
resistance increased from 578 to 845 Q and 588 to 787 Q for MoS,-LIG and MoSe,-LIG,
respectively. Note that the increase in resistance strongly correlated with the induced damage on
the electrode surface caused by the probes as the surface noticeably deteriorated after each
measurement. These results indicated that the electrodes maintained suitable conductivity without
delamination and are sufficiently operable since the electrodes would not typically be exerted in
such a manner while functioning in the food safety domain as compared to more aggressive

applications (e.g., agriculture and wearables).

Table 1. Glyphosate in Food Samples

Adjusted
Electrochemically
Food Material Measured LC-MS Measured Recovery (%)
) Concentration (ppm)
Concentration
(ppm)
soybeans MoS2-LIG 1.3 1.6 81.3
canned pinto beans MoS,-LIG 4.7 5.5 85.5
soybeans MoSex-LIG 1.9 1.6 119
canned pinto beans MoSex-LIG 6.6 5.5 120
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Conclusion

In conclusion, this work demonstrated the utility of MoS>- and MoSe>-LIG heterostructures
in combination with the glyphosate biorecognition agent glycine oxidase for sensitive and specific
determination of this herbicide. As such, this is the first work to harness the unique capabilities of
both monodispersed MoS, and MoSe; suspensions deposited onto an LIG scaffold for the
electrochemical detection of an herbicide. The use of MoS; and MoSe; circumvented the need for
expensive catalytic materials like platinum, gold, or silver due to the electroactive and high surface
area properties of the MoS>/MoSex-LIG platform. Furthermore, the liquid phase exfoliation
coupled with liquid cascade centrifugation are easy, time saving, economic, and large-scale
methods. While liquid phase exfoliation is not entirely defect-free, it remains a practical and
scalable method for producing 2D materials in which, by carefully optimizing the operating
parameters, the extent of defects can be minimized. Conversely, the nanomaterial suspension was
deposited using a tedious drop-coating procedure, which could be improved with an automated
pipetting instrument. The developed MoS>/MoSe>-LIG biosensors maintained similar sensing
properties of the noble metals but removed the added expense associated with noble metals. The
biosensors detected glyphosate using differential pulse voltammetry over short time scales (~15
seconds) in a linear range from 10-90 uM with LODs of 4.0 and 6.1 uM, for the MoS»-LIG and
MoSe>-LIG biosensors, respectively. The biosensors were further tested against common
agricultural interferents including fungicides, insecticides, herbicides, food minerals, and the
glyphosate metabolite (AMPA), which presented minimal interference. As final validation, the
biosensors were tested in canned pinto bean and soybean slurries and verified with LC-MS using
the Quick Polar Pesticides method.”® The reported biosensors behaved similarly to other reported

devices that detected glyphosate in food residues. In this work, however, chemical intensive
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extraction procedures were not administered as was the case with the reported literature as well as
the gold standard LC-MS method, which highlights the utility of the developed electrochemical
devices.

The reported biosensor offers a viable platform for simple and rapid herbicide monitoring
in food, generating broader implications regarding the utility of the MoS2/MoSe>-LIG platform.
The ease-of-fabrication associated with MoS2/MoSe; nanosheet liquid phase exfoliation via liquid
cascade centrifugation and LIG produces a conductive base layer that can be rasterized into various
designs while offering a rich amorphous structure necessary for nanomaterial and protein
attachment that is essential in a multitude of other biosensing fields. The demonstrated sensing
mechanism of reducing the enzymatic byproduct, H>O., at negative potentials offers further utility
to researchers who employ oxidase enzymes for biosensing purposes by circumventing higher
oxidation potentials typically associated with oxidase biosensors. The MoS,/MoSe; materials
synthesized using a highly controllable method like liquid cascade centrifugation combined with
LIG produced robust heterostructures conducive to sensing but could be further applied to a wider

)19 and biomedical (e.g.,

range of agrochemical (e.g., fertilizer ions, antibiotics, pesticides
salmonella, dopamine, SARS-Cov-2)!! monitoring as well as for energy systems using
lignocellulose-based materials like cork and wood.!??
Methods & Materials

1. Materials and Reagents
Sodium cholate (99%), molybdenum disulfide (99.9%), molybdenum diselenide (99.9%), 10X
phosphate buffer saline (PBS) tablets dissolved in DI consisting of 2.7 mM KCI and 137 mM NaCl

pH 7.4), potassium hexacynoferrate (I) trihydrate (98.5%), potassium ferricyanide 0), grade
H 7.4 ium h fe 1) trihyd 98.5% ium ferri ide (99% d

IT glutaraldehyde (25%), flavin adenine dinucleotide (95%), glyphosate (99.9%), thiamethoxam
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(99.9%), dicamba (99.9%), (aminomethyl)phosphonic acid (99%), carbendazim (99.9%),
parathion (99.9%), iron (II) chloride (98%), zinc acetylacetonate hydrate (95%), glyphosate-2-13C
(99%) with M+1 mass shift, potassium chloride (99%), high molecular weight polyvinyl chloride
(PVC) (K value of 69-71, 99.9%), tetrahydrofuran (THF) (anhydrous, 99.9%), 2-nitrophenyl octyl
ether (NPOE) (99%), formic acid (95%), and ethyl-3-(3-dimethylaminopropyl) carbodiimide
(99.9%)/N-hydroxysuccinimide (98%) (EDC/NHS) were purchased from Sigma Aldrich. All
purchased pesticides were analytical standard. Methanol and KCl (99%) were purchased from
Fisher Scientific. The glycine oxidase gene originates from Bacillus subtilis and gives rise to a 47
kDa protein. Glycine oxidase (40 uM) was prepared by the U.S. Naval Research Laboratory
according to the reported protocols for other enzymes.!?*!%* Glutaraldehyde and flavin adenine
dinucleotide dilutions were prepared in 10X PBS pH 7.4 and 8.4, respectively. Glyphosate stock
solutions (5 mM) were prepared in 10X PBS at pH 7.4. Kapton polyimide substrate (0.125 mm
thick) was purchased from McMaster-Carr. Polyethylene terephthalate (PET) was purchased from
Coveme (Kemafoil TSL W) with a thickness of 350 um. Ag and Ag/AgCl pastes were purchased
from Nagase ChemteX. All pesticides were prepared in 10X PBS. Unless otherwise specified, non-
pesticide solutions were prepared in deionized water (18.2 mQ cm). Soybeans and canned pinto
beans were purchased from a local grocery store.
2. Synthesis of 2D-MoS> and 2D-MoSe> Nanosheets

The 2D-MoS; and 2D-MoSe> nanosheets were prepared via liquid phase exfoliation followed by
cascade centrifugation. Exfoliation of MoS> powder (5 mg/mL) was carried out in a sodium cholate
aqueous solution (1.5 mg/mL) with a Branson 250 sonifier operating at 50% of power for 30
minutes using an ice bath to reduce detrimental heating effects. The dispersions were left to decant

overnight, resulting in samples where the supernatant contained MoS> flakes in liquid, with larger
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crystallites settling at the bottom. This supernatant was then carefully separated from the sediment
and subjected to centrifugation at 1.5 krpm for 90 minutes.>>*63%195 After this initial centrifugation,
the supernatant was transferred to another vial for further centrifugation at 2 krpm for 90 minutes.
This process was sequentially repeated at 3, 4, and 5 krpm to progressively refine the dispersion.
The same procedure was applied to produce 2D-MoSe; nanosheets, ensuring a consistent approach
to obtaining high-quality dispersions of these two-dimensional materials as investigated in a
previous study, where batch-to-batch comparisons were made to ensure reproducible
synthesis.!%*!%7 The sensing surface was tuned by applying 100 uL of each centrifuged suspension
onto the LIG, where sensor responses were evaluated by performing voltametric scans in 1 mM
H>0:. It was determined that sensors modified with the 1.5 krpm suspensions yielded the greatest
response for both MoS,/MoSe»-LIG sensors. Therefore, the loading of the 1.5 krpm suspension
was evaluated by varying the drop-coated volume on the sensing surface between 100 and 200 pL.
These optimization studies are shown in Figure S14. Assessing the long-term biocompatibility of
Mo-based nanosheet sensors requires a thorough understanding of their degradation and clearance
pathways in biological environments. Mo-based nanosheets can break down into molybdenum
ions and sulfur/selenium species, which are typically regarded as safe or have established
metabolic pathways in the body. Additionally, clearance mechanisms like renal excretion may play
a role in easily eliminating Mo-based nanosheets from the body. On what concerns the sodium
cholate used as a surfactant, it is a bile salt commonly used in biomedical research and
pharmaceutical formulations. It is also synthesized in the liver and follows well-known metabolic

pathways in the body from which it is efficiently cleared.
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3. LIG Fabrication and Modification
Kapton polyimide film was adhered to PET to improve rigidity. The Kapton was wiped with
isopropyl alcohol before lasing. Once cleaned, the Kapton-PET sheet was taped to an aluminum
plate and placed in the bed of the laser. The laser parameters were set to 15% speed, 7% power,
50% frequency, a 2 mm defocus, and a resolution of 1200 dots per inch based upon our previous
studies that found these settings produced optimum electron transfer kinetics and minimized sheet
resistance.? Electrode designs were prepared in CorelDRAW and then sent to the Epilog laser.
Upon lasing, the laser converted the film into the porous LIG in the shape of the CoreIDRAW file.
All sensors were lased with a 3 mm working diameter. The electrical leads of the LIG, connecting
to the working, reference, and counter electrodes, were coated with a layer of acrylic polish
(passivation layer) to insulate the non-active parts. This ensures that only the designated active
areas remain in contact with the solution throughout the sensing process. The electrical contact
pads of the LIG, which were connected to the potentiostat using alligator clips, were coated with
Ag paste to protect against abrasion and deterioration from repeated use of the clips. The LIG
reference working area was coated with a Ag/AgCl paste to establish the reference electrode.
Following the application of the Ag and Ag/AgCl pastes, the Kapton-PET sheet was cured on a
hot plate at 100°C for 10 minutes. To complete the reference electrode, 1 puL of a salt-loaded PVC
membrane was formulated and drop-cast over the Ag/AgCl reference using the following recipe:
32 mg PVC, 4 mg potassium chloride, 61.5 pL. NPOE, and 1 mL of THF. To enhance the
electrocatalytic nature of the LIG working electrodes, different volumes of 2D-MoS; and 2D-
MoSe; dispersions were directly drop-cast onto the surface of the bare LIG working electrodes,

which were simultaneously placed on a hot plate at 100°C to speed up drying.
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4. Enzyme Functionalization onto LIG Electrodes
Glycine oxidase (40 uM in 10X PBS pH 7.4) and FAD (2 nM in 10X PBS pH 8.4) were mixed
with varying concentrations of glutaraldehyde (0.01-0.25% in 10X PBS pH 7.4) in an equal
volumetric ratio and then 4 pL of the resultant solution were pipetted onto the working electrode.
This solution wetted the electrode for 5 minutes before excess solution was removed from the
surface to maintain a thin film. For covalently linking enzyme to the sensors, EDC/NHS chemistry
was employed with a solution of 0.4 M EDC and 0.1 M NHS was prepared in 0.1 M MES buffer
(pH 6.0) and 5 pL were pipetted onto the working electrode and allowed to react for 90 minutes.
Next these sensors were rinsed with MES buffer and then 4 puL of a mixture containing an equal
volumetric ratio of enzyme (40 uM in 10X PBS pH 7.4) and FAD (2 nM in 10X PBS pH 8.4) were
pipetted onto the electrode. As performed previously, this solution was allowed to wet the
electrode for 5 minutes before excess solution was removed from the surface to maintain a thin
film. Sensors were stored at 8° C prior to testing or in between tests to preserve the enzyme.
5. Material characterization

Raman spectroscopy measurements were performed using a Horiba XploRA Plus confocal Raman
microscope with a 532 nm laser operating at 1.2 mW and a 50x objective (0.5 NA). The spectra
were collected from 50 — 3600 cm™ with a 600 grooves mm' grating. Eight Raman spectra were
collected at 8 randomly selected locations, and each Raman spectrum was collected with a 30 s
acquisition and 3 accumulations. Any spectral shift of the position of the peaks due to instrumental
causes (generally a shift of all peaks of the same amount) has been corrected. All Raman peaks in
each spectrum were fitted to a Lorentzian function in Igor Pro 6.37 to calculate the average [2D/IG
ratio. SEMs were performed on an FEI Teneo field emission scanning electron microscope at an

accelerating voltage of 5 kV and working distance of 7.7 mm using Optiplan mode. DLS was
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performed on a Malvern Zetasizer Nano ZS using a wavelength of 635 nm and refractive index
and adsorption of 5.2 and 1.1 for MoS> and 4.8 and 1.2 for MoSe,. Samples were diluted [1:10
(v/v)] from the stock solutions, and the presented data was representative of the average of 3
measurements per sample.
6. Electrochemical Measurements
All electrochemical measurements were performed by a CHI 6281E electrochemical analyzer.
Electrochemical characterization was performed using cyclic voltammetry (CV) at varying scan
rates in 5 mM ferri/ferrocyanide with 0.1 M KCl as the supporting electrolyte. Differential pulse
voltammetry (DPV) were ran in 10X PBS pH 7.4 between 0 and -0.7 V vs Ag/AgCl at an increment
0t 0.002 V, amplitude of 0.05 V, pulse width of 0.025 seconds, sampling width of 0.0125 seconds,
pulse period of 0.05 seconds, and quiet time of 5 seconds. In the sensor test vial, glyphosate was
mixed at 300 rpm for roughly 20 seconds before DPV measurements were performed. All
experiments were performed at room temperature. Limits of detection (LOD) were calculated
using the 3-sigma method as described in the Data and Statistical Analysis section below.
7. Food Sample Preparation

Canned pinto beans and soybeans were purchased from a local grocery store. Juice in the can was
drained and the beans were collected. The following describes sample preparation for
electrochemical sensing. First, 5 g of beans were weighed and then homogenized with a Hamilton
Beach Coffee Grinder. The food sample was placed in a 50 mL falcon tube, and 5 mL of 10X PBS
pH 7.4 was added to the tube. The sample was mixed on a G560 Vortex Genie 2 Mixer at 1250
rpm for 15 minutes to ensure adequate incorporation. Sensors were submerged into this mixture,
and DPV scans were taken to obtain the electrochemical data. Food samples prepared for liquid

chromatography-mass spectrometry (LC-MS) were prepared using a simplified Quick Polar
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Pesticides (QuPPe) method.”® In summary, 5 g of beans were ground and mixed with 10 mL of
deionized water. Next, 15 ppm of the internal standard (glyphosate-2-'3C) was added. Note, the
QuPPe calls for 80 ppb of the internal standard. However, given the limits of detection of the LC-
MS instrument used, the internal standard concentration was increased to 15 ppm. This mixture
rested for 30 minutes. Then, 10 mL of 1% (v/v) formic acid was added. The mixture rested for 30
minutes. Afterwards, the sample was placed on a Vortex Genie and mixed at 1250 rpm for 15
minutes. Immediately following, the mixture was placed in a -80° F freezer for 30 minutes. The
mixture was centrifuged at 4500 rpm for 10 minutes. Supernatant liquid was collected and stored
at -20° C until analyzed.
8. Liquid Chromatography — Mass Spectrometry
LC-MS was performed using an Agilent QTOF 6540. The instrument was run in negative ion
mode. This method used an aqueous phase (0.1% formic acid) and solvent phase (0.1% formic
acid in acetonitrile). A calibration curve was generated using increasing concentrations of
glyphosate combined with the 15 ppm of the internal standard. The calibration curve was generated
as the glyphosate peak area divided by the internal standard peak area to standardize the
measurements. After the base peak chromatogram scan was complete, the chromatogram for the
glyphosate peak values were extracted at a mass to charge ratio (m/z) of 168.0052. Similarly, the
chromatogram of the glyphosate-2-'3C peak values were extracted at an m/z of 170.0063. The
peaks were smoothed and the area under the curves were used for the calibration and predicted
food concentrations (Figure S9).
9. Data and Statistical Analysis
The raw data from the DPV scans were used in the calibration model. Raw data was normalized

by adjusting each DPV scan to a standard baseline in OriginPro. Current responses were taken as
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the difference between the peak current near -0.15 V vs Ag/AgCl and the current found at the PBS
baseline at the same potential location. The data was not fitted or filtered. Linear regression was
performed in OriginPro, which yielded the linear sensitivity (s) and standard deviation of the y-
intercept (o). The 6 was considered the noise, and the LOD was calculated using the 3c method as
described by LOD = 3c/s. Sensor reproducibility and model calibration was determined as the

average =+ standard deviation for n = 4 sensors.
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