Downloaded viaUNIV OF GABES on November 9, 2022 at 10:26:22 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

A
SENSORS

cs Ui

pubs.acs.org/acssensors Article

Electrochemical Sensing of Neonicotinoids Using Laser-Induced
Graphene

Zachary T. Johnson, Kelli Williams, Bolin Chen, Robert Sheets, Nathan Jared, Jingzhe Li, Emily A. Smith,
and Jonathan C. Claussen*

Cite This: ACS Sens. 2021, 6, 30633071 I: I Read Online

ACCESS | [l Metrics & More | Article Recommendations ‘ @ Supporting Information

ABSTRACT: Neonicotinoids are the fastest-growing insecticide
accounting for over 25% of the global pesticide market and are

capable of controlling a range of pests that damage croplands, o
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graphene (LIG) platform that utilizes electrochemical sensing for s
neonicotinoid detection. These graphene-based sensors are created

through a scalable direct-write laser fabrication process that converts polyimide into LIG, which eliminates the need for chemical
synthesis of graphene, ink formulation, masks, stencils, pattern rolls, and postprint annealing commonly associated with other printed
graphene sensors. The LIG electrodes were capable of monitoring four major neonicotinoids (CLO, IMD, TMX, and DNT) with
low detection limits (CLO, 823 nM; IMD, 384 nM; TMX, 338 nM; and DNT, 682 nM) and a rapid response time (~10 s) using
square-wave voltammetry without chemical/biological functionalization. Interference testing exhibited negligible responses from
widely used pesticides including the broad-leaf insecticides parathion, paraoxon, and fipronil, as well as systemic herbicides
glyphosate (roundup), atrazine, dicamba, and 2,4-dichlorophenoxyacetic acid. These scalable, graphene-based sensors have the
potential for wide-scale mapping of neonicotinoids in watersheds and potential use in numerous electrochemical sensor devices.

KEYWORDS: graphene, electrochemical sensor, biosensor, neonicotinoid, pesticide, square-wave voltammetry

he development of neonicotinoid insecticides over three variants S-dinotefuran and R-dinotefuran) are the most widely
decades ago is considered a major success in agro- used neonicotinoids and have been shown to be toxic to
chemical research due to their ability to eliminate a broad nontarget species such as honeybees with acute oral LD50
spectrum of sucking and certain chewing pests that can damage ranging from 0.004 to 0.005 ug per bee.” "' LDy, represents
croplands, home yards and gardens, and golf course greens.”” the acute levels that are lethal to 50% of a target population

Neonicotinoids exhibit physicochemical advantages over
previous generations of pesticides for pest management that
have led them to become the fastest-growing insecticide used;
neonicotinoids account for over 25% of the global pesticide
market.”* Neonicotinoids act within target pests by interfering
with the acetylcholine neurotransmitter, ultimately causing
neurotoxicity and operate systemically by dispersing through-
out a plant system, which consequently causes the plant to

become toxic to specific herbivores.” Hence, neonicotinoids

and correspond to exposure time. It has been shown that
neonicotinoids negatively impact animals based on moderate-
to-high LDs, values of neonicotinoids for up to 4 weeks.
Furthermore, the LD;, value remains moderate to high
regardless of the route of exposure in animals.'> As a result,
these neonicotinoids have induced the diminishment of
ecosystem biodiversity."

have negatively impacted a large number of nontarget Received: May 25, 2021
organisms including a variety of aquatic species’ and Accepted:  July 23, 2021
honeybees,” primarily due to the significant downregulation Published: August 9, 2021

of gene expression related to metabolism and detoxification.”®
More specifically, imidacloprid (IMD), thiamethoxam (TMX),
clothianidin (CLO), and dinotefuran (DNT) (including their
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The role of neonicotinoids causing human diseases (e.g,,
cancer) and their long-term effects on ecosystems cannot be
conclusively pinpointed due to poor neonicotinoid exposure
assessment. Neonicotinoids are becoming more prevalent in a
variety of ecosystems, especially in rural agricultural settings.
As concentrated neonicotinoids present in seed dressings can
drift to neighboring areas during the seed-sowing process, only
1.6—20% of the active neonicotinoid ingredient in the seed
dressing is absorbed by the plant, leaving the majority in the
soil.'"* Hence, these agrochemicals have percolated into
watersheds and drinking waters in the agricultural regions of
the Midwestern United States including in private portable
wells in the state of Wisconsin at high concentrations (TMX:
1.43 ug/L, IMD: 1.59 ug/L, CLO: 3.88 ug/L)."> Perhaps,
more concerning is a recent study that found neonicotinoids in
treated municipal drinking water in the state of Iowa, which
suggests that conventional water treatment practices are unable
to eliminate neonicotinoids from the water supply.'*>'® Hence,
wide-scale knowledge and mapping of neonicotinoid drift,
runoff, exposure, and end points are critically important
information to help oversee appropriate neonicotinoid
stewardship and application methodologies to minimize their
environmental impact.

Currently, there are no commercially available in-field
sensors available for wide-scale neonicotinoid testing. The
standard method for quantifying concentrations of pesticides
from field samples requires packaging contaminated samples of
soil or water and shipping them to a laboratory for analysis
using gas or liquid chromatography coupled with mass
spectrometry.’”” These methods are accurate and reproducible
for identifying and quantifying analytes but are time-
consuming and expensive. They require extensive sample
preparation, highly trained personnel, and specialized in-
strumentation. Inherently, these methods cannot provide real-
time or in-field analyte concentrations nor be used to screen
large sample sets in a timely and cost-effective manner.
Commercially available pesticide field sensors are few and
generally consist of colorimetric test strip papers (e.g., pesticide
detection test cards by RenekaBio, Agri-Screen, Tickets by
Neogen, and OrganaDx by MyDx) that are limited to
qualitative (high/negative) outputs and organophosphate and
carbamate testing and are easily fouled due to particulate
matter found in field samples.'

Electrochemical-based biosensors offer a promising solution
to monitoring neonicotinoid concentrations in a rapid,
quantifiable, low-cost manner that is suitable for large-scale
use. Electrochemical sensors are widely researched for in-field
sensing as they are not affected by optically dense, turbid fluid
that can negatively affect colorimetric sensors and provide an
electrical signal that can be directly correlated to analyte
concentration levels. Various reports of electrochemical
neonicotinoid sensors exist in the literature using a variety of
biorecognition agents including molecularly imprinted poly-
mers,' "~ aptamers,zz_24 antibodies,”>*° quench bodies, and
(Q-bodies),”” with favorable results for monitoring TMX,
IMD, DNT, and/or CLO down to detection limits of 10 ng/
mL (IMD) and 4.4 ng/mL (CLO) in garden crop residues and
river water. The limitation of these sensors, of course, is that
they can only be used once (antibody/aptamer binding to
target molecules generally cannot be undone within the
context of in-field test conditions), suffer from limited shelf-life
due to biorecognition agent degradation, have been limited to
typically monitoring just one or two neonicotinoids, and
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quench body assays can exhibit lower sensitivities than
traditional techniques, such as enzyme-linked immunosorbent
assays (ELISAs) or high-performance liquid chromatography
(HPLC). To create biorecognition element-free neonicotinoid
sensors, researchers have used a variety of materials including
bismuth, f-cyclodextrin (f-CD), silver, and metal—organic
frameworks (MOFs) to directly reduce/oxidize the pesticides
to create a measurable electrochemical signal. However, the
construction of such sensors is tedious, requiring sputter
coating, hydrothermal nanoparticle synthesis, nanoparticle
chemical coprecipitation synthesis, magnetic separation,
centrifugation, and solvent soaking/rinsing, which elicits the
need for a simple, conductive, and direct-write fabrication
method that does not require various nanoparticle depositions
or metal frameworks.” > Some manuscripts have even
attempted to monitor all four of these neonicotinoids, but
significant matrix effects and interference from metal cations
and surface-active organic compounds were observed.” To
correct this, a tedious and expensive solid-phase extraction
(SPE) procedure was employed, and the level of quantification
was only in the microgram range (9—17 pg/L). The referenced
work demonstrates the detection of four neonicotinoids: IMD,
CLO, DNT, and TMX, without any interference from metal
cations; however, it requires expensive and demanding
fabrication procedures (e.g., wet thermal oxidation, sputter-
ing).*® Perhaps some of the more promising results in terms of
sensor sensitivity and longevity have come with sensors based
on carbon nanomaterials. A variety of carbon-based nanoma-
terials have been used for neonicotinoid sensing includin§
graphene oxide,”” nanoparticle-decorated carbon composites,’
raphene- and graphene oxide-modified glassy carbon electro-
des,”®*** multiwalled carbon nanotubes (MWCNTs),*" and
macro—meso—microporous carbon composites.”” The pre-
viously listed sensors have been able to detect neonicotinoids
with high selectivity in the micromolar range (e.g., 0.01, 0.1,
and 0.04 uM for detection of neonicotinoids in food samples).
However, these sensors are not produced in a scalable fashion
as they require multiple chemical processing steps including
centrifugation, solvent soaks, washing, stirring/mixing, high-
temperature pyrolysis (800 °C), heated/fuming acid etching,
and electrode polishing to create the carbon nanomaterials and
to cast them onto electrode surfaces. Moreover, these sensors
are not able to be used continuously or have low shelf-life due
to the use of biorecognition agents and/or have not shown to
be capable of measuring signals from all four major
neonicotinoids, viz., TMX, IMD, DNT, and CLO.

Perhaps one of the more scalable routes to creating carbon
nanomaterial-based electrochemical sensors has been with the
use of laser-scribed graphene often referred to as laser-induced
graphene (LIG).”™* LIG is created through a direct-write
process that circumvents the need to create graphene/
graphene oxide via chemical synthesis (processes that often
include high-temperature pyrolysis and/or high-temperature
acid etching as used in Hummer’s or Brodie method) or create
graphene through high-temperature chemical vapor deposition.
LIG also eliminates the need for chemical synthesis of
graphene and the subsequent ink formulation associated with
more scalable printed graphene electrode processes (e.g.,
screen, gravure, inkjet, and aerosol printing), as well as
eliminates the need for masks, stencils, and pattern rolls
associated with screen and gravure printing. Moreover, LIG
eliminates the need for postprint annealing (e.g., rapid-pulse,
thermal, or photonic annealing) that is needed to evaporate ink

https://doi.org/10.1021/acssensors.1c01082
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Figure 1. Schematic of the fabrication process: (a) CO, laser on bare PI before laser scribing, (b) CO, laser scribing, (c) resultant LIG, (d)
application of acrylic polish as a passivation layer on the electrode stem and silver paste application on the electrode contact pad, and (e) actual
image of LIG. Characterization of the laser-induced graphene electrode: (f) SEM image at S00x magnification, (g) SEM image taken at S000X
magnification, (h) Raman spectrum, (i) XPS survey, (j) cyclic voltammograms at 10, 25, 50, and 100 mV/s in S mM ferri/ferrocyanide, and (k)

Randles—Sevcik plot.

solvent and carbonize ink binders (e.g, ethyl and nitro-
cellulose) to make the printed graphene sufficiently conductive
for electronic applications such as sensing. Furthermore, the
porous and high-defect nature of LIG improves heterogeneous
charge transport during electrochemical sensing, which
consequently improves target analytes to electrode mass
transport/binding, reduces the ohmic reduction in electrical
potential, and leads to the ability to measure small currents
within low sample volumes.”” Hence, researchers have used
LIG to electrochemically sense a wide variety of target analytes
including fertilizer and hydration ions in complex matrices
such as in soil and sweat,***’ nitrogen compounds and
Salmonella bacteria in food samples,48’49 impedance-based cell
tracking,”’ aptamer-based biosensing in serum,”’ and bodily
metabolites in sweat.>> To the best of our knowled§e, only one
example exists of LIG-based pesticide detection.” This LIG-
based pesticide biosensor used the enzyme organophosphorus
hydrolase immobilized on the graphene electrode for the
detection of the organophosphate methyl parathion on actual
crop surfaces in real time.”” These results are promising, but
the irreversible inhibition of the enzyme does not permit
multiple uses, and its shelf-life would be limited to the use of a
natural biorecognition element. There does not exist in the
research literature, to date, an LIG sensor capable of
neonicotinoid monitoring,

Herein, we report the first example of using LIG for
neonicotinoid sensing. We demonstrate how the biorecogni-
tion element-free LIG electrode can be used to selectively
monitor four major neonicotinoids (CLO, IMD, TMX, and
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DNT) with a rapid response time (~10 s) through the use of
square-wave voltammetry (SWV). More specifically, the sensor
is capable of monitoring these major neonicotinoids from
other pesticides that are commonly used in conjunction with
neonicotinoids in the Midwestern United States including
other broad-leaf insecticides such as parathion, paraoxon, and
fipronil, as well as systemic herbicides glyphosate (roundup),
atrazine, dicamba, and 2,4-dichlorophenoxyacetic acid (2,4-D).
The reported sensor obtained low detection limits (CLO, 823
nM; IMD, 384; TMX, 338; and DNT 682 nM), which are
below the regulatory threshold level (40.05 uM per European
Union standards) in freshwater.”® Finally, neonicotinoid
monitoring was confirmed in actual complex biological
matrices with river water samples collected from the South
Skunk River in the state of Iowa.

B RESULTS AND DISCUSSION

LIG Electrode Characterization. The graphene morphol-
ogy and thickness were characterized by scanning electron
microscopy (SEM; Figure 1f,g). The low-magnification
(500x) image shows a groove-like morphology along the
lasing direction, while the high-magnification (5000X) image
shows numerous pores at different scales ranging from 2 to §
pum. The chemical compositions of the obtained LIG were
analyzed by X-ray photoelectron spectroscopy (XPS) (Figure
1i). A strong XPS signal was obtained from the carbon (C) C
1s peak and the oxygen (O) O 1s peak, which resulted in a C/
O ratio of 9.1, indicating a high degree of carbonization of the
polyimide (PI) after lasing. Raman spectroscopy confirmed the

https://doi.org/10.1021/acssensors.1c01082
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Figure 2. Chemical structure of different neonicotinoids with the nitroguanidine functional group highlighted in red.
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Figure 3. Square-wave voltammogram and inset calibration plots for (a) thiamethoxam (TMX), (b) clothianidin (CLO), (c) imidacloprid (IMD),
(d) dinotefuran (DNT), (e) dinotefuran repeatability, and (f) combined neonicotinoid model.

presence of multilayered graphene after laser scribing the PI as
the average 2D/G peak intensity ratio of the carbon surface
was 0.36 + 0.02.°7°° More specifically, the D peak was
observed at 1342 cm™!, which is characteristic of defects on the
graphene surface. Similarly, the G peak that is characteristic of
the sp>-bonded carbon atoms was observed at 1583 cm™’.
Meanwhile, the 2D band that is indicative of double resonance
electron—phonon scattering in graphene was observed at 2687
ecm™.°7°% The electroactive surface area (ESA) was calculated
using the Randles—Sevcik equation (eq 1) by recording the
anodic and cathodic current peaks at varying scan rates. The
equation expresses the oxidation/reduction peak current
(ampere) in the following terms: A is the electroactive surface
area (cm?), D is the diffusion coefficient (7.6 X107 cm?/s), n
is the number of electrons transferred in the redox probe, v is
the scan rate (V/s), and C is the bulk concentration of the
redox species (5 mM)

i, = 2.69 X 10° AD"20/* VM2 C (1)
The ESA was calculated as 0.313 cm?, which is 160% of the
geometric surface area (0.196 cm?®). An ESA larger than the
geometric surface area can be attributed to the porous, three-
dimensional (3D) structure of the graphene, which allows for
greater accessibility to the redox solution and electrochemical
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interactions.”*”°° Additionally, the peak current versus the
square root of the scan rate behaves linearly (Figure 1jk).
However, the AE, (148—300 mV) indicates a quasireversible
system regarding electron transfer, which can be attributed to
defects on the LIG.**°"°* Additionally, surface morphology
was considered as laser parameters can be varied to alter the
surface of LIG. Laser settings of 15% speed and 7% power were
used to induce hydrophilic LIG, which is necessary for
neonicotinoid detection as hydrophilic LIG has been shown to
improve the flow and dispersion of aqueous solution at the
liquid—solid interface of the electrode.”” Comparatively,
hydrophobic LIG would otherwise repel aqueous solution,
thus limiting the reduction of neonicotinoids. Furthermore,
settings of 7% speed and 7% power can be used to induce
hydrophilic LIG but suffer from limited throughput and time
efficiency compared to a speed of 15%.

Electrochemical Sensing of Neonicotinoids. LIG
electrodes were calibrated for increasing concentrations of
TMX, DNT, IMD, and CLO using square-wave voltammetry
(SWV). It should be noted here that SWV is a particular type
of differential pulse voltammetry that applies potential in a
stepwise manner while recording the anodic or cathodic
current associated with the target molecule redox potentials.
SWV holds an advantage over cyclic voltammetry and linear
sweep voltammetry as SWV amplifies faradic current and

https://doi.org/10.1021/acssensors.1c01082
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mitigates noise from capacitive current®® while performing
faster scan rates than differential pulse voltammetry.> Hence,
SWV is often more accurate than other voltammetry
techniques and is used herein to monitor neonicotinoid
concentrations in water samples as neonicotinoids have well-
established electroactive behavior.

Neonicotinoids are well suited for electrochemical detection
because they possess a nitro group that is reduced to a
hydroxylamine group, occurring near —1.00 V vs Hg hanging
drop electrode.’® Neonicotinoid peaks on average occurred
within a potential window of —1.18 to —1.24 V, thus making it
difficult to distinguish different neonicotinoids when combined
in the same solution but enabled the selective detection of
neonicotinoids against other insecticides and other classes of
pesticides such as herbicides. This is attributed to the
reduction of the same nitroguanidine group present in all of
the neonicotinoids. The chemical structures and the nitro-
guanidine groups vital for the reduction signal are shown in
Figure 2.

The current reduction peaks increased with increasing
concentrations of neonicotinoids (Figure 3a—d) from concen-
trations between 10 and 180 pM. Calibration repeats were
performed n = S times for DNT, with an average relative
standard deviation of 13%, highlighting the reproducibility
among multiple sensors (Figure 3e). Sensor stability was tested
over time by performing 10 response tests to 40 uM TMX for
one sensor (Figure S1). The first test yielded the largest
response (2.1 #A) compared to the rest of the tests (1.0—1.1
uA). These responses highlight the stability of the sensor over
multiple runs. We hypothesize that the drop in sensitivity after
the first test is due to the initial surface fouling as the
hydrophilic, highly porous LIG absorbs nonelectroactive
species from the solution. The SWV plots for the reduction
of each neonicotinoid possessed a sharp anodic peak notable at
more negative potentials. We hypothesize that the existence of
the observed anodic peak is due to the protonation of
reduction products that may formulate rapidly after the
reduction of nitroguanidine. The complex reduction of the
nitroguanidine group of neonicotinoid pesticides provides
challenges due to various protonation states’’ and possible
adduct formation of nitroso and hydroxylamine groups present
on related aromatic species.”® The reduction of nitroguanidine
has been characterized as a 4-electron reduction to nitro-
soguanidine followed by a 2-electron reduction to amino-
guanidine. Both reductions are pH-dependent; however, the
second reduction is presumably more influenceable because
the protonation state determines the rate-limiting step of the
reduction.”” This contributes to a nonlinear relationship
between the reduction potentials and pH,”® which was
observed at a pH between 6 and 8 and therefore relates to
our described neonicotinoid detection as this is done in
phosphate-buffered saline (PBS) at pH 7.4. We postulate that
the anodic peak is the result of the newly formed amino-
guanidine groups protonating following its production as the
pK,, of the species traverses the pH of the buffer. Though the
anodic peak shows a greater current response than the cathodic
peak, using the anodic response as a means of neonicotinoid
detection is unreliable over a pH range of 5.4—9.4 compared to
calibrated data at a pH of 7.4 (Figure S2). By observing the
response to 40 uM of CLO over various pH points, it is
evident that the anodic current response varies more over this
pH range than the cathodic current does when compared to
the calibrated model at a pH of 7.4 (see Table S1). Overall, the
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sensor displayed a linear range of 10—40 M and a detection
limit of 823, 384, 338, and 682 nM for CLO, IMD, TMX, and
DNT, respectively. The detection limits were considerably
lower than the detection limits (8.3 and 7.9 uM for TMX and
IMD, respectively) reported that also used SWV.* We posit
that the lower detection limits are due to the high-surface-area
structure of the porous LIG compared to that of the glassy
carbon electrode, which provides more locations for electro-
chemical reduction events.

Next, the electrode response to all four neonicotinoids
introduced simultaneously in the same test beaker was
monitored. To this end, an overall neonicotinoid calibration
was modeled to predict the concentration of a combined
neonicotinoid solution (Figure 3f). This was done by averaging
the calibration plots of each neonicotinoid due to their similar
responses. A 40 uM solution of neonicotinoids (10 uM each of
TMX, DNT, CLO, IMD) was tested to confirm the recovery
percentage of this model (Table 1). On average, this model

Table 1. Combined Neonicotinoid Found Concentration for
40 uM Spike

sensor 1 sensor 2 sensor 3 sensor 4 average recovery
(M) (#M) (M) (uM) (1M (%)
425 36.1 482 4.8 0.4 106

predicted a concentration of 42.4 uM showing a 106%
recovery. These results indicated that the four neonicotinoids
are reduced similarly because of the nitroguanidine group and
can be modeled in combination.

Furthermore, the neonicotinoid reduction potentials were
compared with potential interference species. These pesticides
include the common herbicides atrazine, glyphosate, dicamba,
and 2,4-D, as well as common insecticides fipronil, parathion,
and paraoxon (Figure 4). Square-wave voltammograms were
recorded for 40 M concentrations of each pesticide. None of
the potential interference pesticides showed considerable
current change within a neonicotinoid reduction potential
window of —1.18 to —1.24 V. The chosen herbicide species
atrazine, glyphosate, dicamba, and 2,4-dichlorophenoxyacetic
acid have become some of the most prevalent herbicides
applied in the Midwest and pose threats of aerosolization and
watershed contamination.”"’* Additionally, the insecticides
parathion and paraoxon were investigated as both have shown
electroactive behavior between 0 and —0.4 V vs Ag/AgCI,73_75
a potential window that is inconsequential to the neonicotinoid
sensing regime. Neonicotinoid studies to date have not
reported a comprehensive pesticide interferent species analysis,
as shown in Figure 4.568976

Finally, recovery tests were performed in water from the
South Skunk River in the state of Iowa. The water was filtered
through a 0.45 pm filter, brought to 0.5 M NaCl, and spiked
with 40 uM of a neonicotinoid. For comparison, neonicoti-
noids were detected in deionized water that was also brought
to 0.5 M NaCl. The recovery percentages are presented in
Table 2 and were calculated using the river water recording as
the found response and the deionized water recording as the
standard response. The responses shown are the average
responses (n = 3) for each pesticide in each fluid. River water
recovery tests confirm that a biorecognition element-free
sensor can detect neonicotinoids in complex fluids with
recoveries of 91.8—108.5%.
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Figure 4. Interference data including (a) square-wave voltammograms and (b) current change comparison using 40 M concentrations of each
pesticide measured against a phosphate-buffered saline baseline without pesticides.

Table 2. River Water Recovery Test

neonicotinoid DI (ﬂA) river water (ﬂA) recovery (%)
clothianidin 9.38 8.60 91.8
imidacloprid 9.16 9.24 100.9
thiamethoxam 7.22 7.83 108.5
dinotefuran 1.77 1.67 94.4

B CONCLUSIONS

In conclusion, this work demonstrates one of the first studies
to electrochemically determine a family of pesticides,
specifically the presence of neonicotinoids, without the use
of a biorecognition agent. The reported sensor showcases the
first use of biorecognition element-free LIG as a viable
platform for the rapid detection of neonicotinoids and
demonstrates a more scalable route to multilayered graphene
electrodes than more conventional fabrication methods that
use low-throughput CVD or chemical/mechanical exfoliation
of graphite for graphene synthesis and methods that use
screen, gravure, aerosol, or inkjet printing to form the electrode
by printing graphene inks obtained from liquid-phase
exfoliation of graphite. The lack of a biorecognition agent
allows for decreased sensor fabrication and operation complex-
ity and eliminates the need for stringent storage protocols and
inherently greatly increases the sensor lifetime. Additionally,
the detection of neonicotinoids was not affected by other
common herbicides and insecticides, thus bolstering the
reported platform as highly selective. The sensor detected
neonicotinoid concentrations in complex media such as river
water, with recoveries of 91.8, 100.9, 108.5, and 94.4% for
CLO, IMD, TMX, and DNT, respectively. The sensor showed
a linear range of 10—40 xM and detection limits of 823, 384,
338, and 682 nM for clothianidin, imidacloprid, thiamethoxam,
and dinotefuran, respectively.

The broader implications of this work could be significant
for those working in monitoring or mapping pesticides across
entire watersheds/ecosystems, as well as for those seeking to
improve the electrochemical electrode technology in general.
The reported sensor circumvents the need to transport river
water and soil samples to a lab for chromatographic analysis
and allows for on-site testing. Hence, this technology could
permit rapid testing of agricultural runoffs and river water and
help policy-makers set guidelines on when and where such
pesticides can be used. Furthermore, the creation of LIG
electrochemical electrodes could be useful for a wide variety of
applications that require high surface area and defect-rich
graphene for heterogeneous charge transport such as with
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. . 77,78
energy storage elements including supercapacitors, bat-
. ©%9 . 80 Ao .80
teries,”” pseudocapacitors,” or lithium-ion batteries,” as well
as multiglex sweat analytes®' and virus (e.g, SARS-CoV-2)
g

Sensors.

B EXPERIMENTAL SECTION

LIG Electrode Fabrication and Characterization. The LIG was
fabricated by preparing the polyimide (PI) substrate, positioning the
laser, laser rastering, which converts sp>-carbon atoms in PI to sp*-
carbon atoms found in graphene, and the application of acrylic polish
and silver ink (Figure la—e). The PI substrate is first washed with
isopropyl alcohol, and the laser is positioned over the PI with a 2 mm
defocus. Laser rastering settings are as follows: 7% power, 15% speed,
and 50% frequency. These parameters were used to induce a S mm
diameter dipstick design. Following the creation of the LIG, acrylic
polish was added to prevent wicking and maintain a constant working
area on the electrode. Silver ink was added to the contact to prevent
abrasion from the potentiostat clips. Scanning electron microscopy
images were taken by an FEI Quanta 250 FEG scanning electron
microscope using a 10 kV accelerating voltage. The Raman spectrum
was collected by a Horiba XploRA Plus confocal Raman microscope.
A 532 nm laser with 1.2 mW and a 50X objective with a 0.5 numerical
aperture were used to check the sample with a 30 s acquisition and
three accumulations. The sample was checked at six random locations,
and the average 2D/G peak intensity ratio was calculated from fitting
the Raman peaks to the Lorentzian function in Igor Pro 6.37.

Materials and Methods. Reagents. Phosphate-buffered saline 10
mM potassium chloride pH 7.4, clothianidin, imidacloprid,
thiamethoxam, dinotefuran, atrazine, glyphosate, 2,4-dichlorophe-
noxyacetic acid, dicamba, paraoxon, parathion, and fipronil were
purchased from Sigma-Aldrich. All pesticides were prepared in
deionized water (184 MQ cm) except imidacloprid, clothianidin,
and fipronil, which were prepared in acetone and 100 times diluted in
deionized water. Kapton polyimide film (125 ym) was purchased
from DuPont.

Preparation of LIG. A 75 W CO, Epilog Fusion M2 Laser was
used to convert PI into graphene. A S mm diameter working electrode
was lased using 15% speed (271.9 mm/s), 7% power (5.25 W), 1200
dots per inch, and a 2 mm defocus length. The contacts were covered
with silver paste to mitigate wear on the sensor. Acrylic polish was
used as a passivation layer to control the working electrode surface
area.

Electrochemical Analysis. Palmsens4 potentiostat was used for
all electrochemical measurements. SWV was performed in a § mL
volume of PBS pH 7.4 in ambient conditions so as to mimic the
conditions that a field-deployable sensor is subjected to. The potential
was run from —0.6 to —1.5 V with a potential step of 5 mV, an
amplitude of 25 mV, and a frequency of 25 Hz. A three-electrode
setup was used: LIG working electrode, commercial Ag/AgCl
reference electrode, and commercial platinum wire counter electrode.
SWYV was run 10 times in bare buffer to purge the buffer and electrode
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surface of any redox species that was electroactive in the potential
window. Sensors were calibrated to each pesticide by then mixing the
pesticide for 2 min at 300 rpm. Stirring was then turned off, and the
scan was performed. Sensors were washed 2 times with deionized
water before each addition of pesticide. Sensors were disposed of after
use. Interference pesticides were tested at 40 pM. Results were
reported as a change in current from the initially recorded baseline
without the presence of pesticides. The combined neonicotinoid
model was calibrated to the average responses of each neonicotinoid
for the corresponding concentrations. The validity of the model was
tested by mixing 10 uM each of thiamethoxam, dinotefuran,
clothianidin, and imidacloprid. This served as a model for 40 yuM
of neonicotinoid solution. Additionally, sensors were tested in a
solution of river water brought to 0.5 M NaCl. A recovery percentage
was reported for 40 M concentration spikes compared to the current
response found in 0.5 M NaCl deionized water, which was used as the
standard. Data was normalized using the moving average baseline
option in the PSTrace program.
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