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Monitoring of pesticide concentration distribution across farm
fields is crucial to ensure precise and efficient application while
preventing overuse or untreated areas. Inspired by nature’'s wett-
ability patterns, we developed a biomimetic fern leaf pesticide
collection patch using laser-induced graphene (LIG) alongside an
external electrochemical LIG biosensor. This “collect-and-sense”
system allows for rapid pesticide spray monitoring in the farm field.
The LIG is synthesized and patterned on polyimide through a high-
throughput gantry-based CO, laser process, making it amenable to
scalable manufacturing. The resulting LIG-based leaf exhibits a
remarkable water collection capacity, harvesting spray mist/fog at
a rate approximately 11 times greater than a natural ostrich fern leaf
when the collection is normalized to surface area. The developed
three-electrode LIG pesticide biosensor, featuring a working elec-
trode functionalized with electrodeposited platinum nanoparticles
(PtNPs) and the enzyme glycine oxidase, displayed a linear range
of 10-260 pM, a detection limit of 1.15 pM, and a sensitivity of
5.64 nA pM~! for the widely used herbicide glyphosate. Also, a
portable potentiostat with a user-friendly interface was developed
for remote operation, achieving an accuracy of up to 97%, when
compared to a standard commercial benchtop potentiostat. The
LIG “collect-and-sense” system can consistently collect and moni-
tor glyphosate spray after 24—-48 hours of spraying, a time that
corresponds to the restricted-entry interval required to enter most
farm fields after pesticide spraying. Hence, this innovative “collect-
and-sense” system not only advances precision agriculture by
enabling monitoring and mapping of pesticide distribution but also
holds the potential to significantly reduce environmental impact,
enhance crop management practices, and contribute to the sus-
tainable and efficient use of agrochemicals in modern agriculture.
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New concepts

This manuscript addresses the pressing need for monitoring of pesticide
spray in farm fields, crucial for enabling precise and efficient application
while preventing overuse or untreated areas. We introduce the innovative
concept of using a biomimetic “collect-and-sense” system to collect,
channel, and quantify pesticide spray. The “collect-and-sense” system
is constructed from hydrophilic and porous laser induced graphene (LIG)
which is produced through a scalable, high-throughput gantry-based
laser etching process that eliminates the need for ink formulation,
printing, and post-print annealing typically associated with printed
graphene systems. The collection patch of the system emulates the
structure of an ostrich fern leaf, featuring eight symmetric LIG leaf
pinnules that gradually broaden towards a central stem. This design
facilitates the transport of pesticide residues to a singular point through
the collection of spray mist and exhibits a remarkable 11-fold increase in
fluid transport to a natural fern leaf. This improvement is primarily
attributed to the distinctive porosity and wettability properties of LIG.
Moreover, a LIG biosensor, enhanced with platinum nanoparticles and
glycine oxidase, in conjunction with a developed portable potentiostat,
accurately quantifies glyphosate pesticides collected from the LIG fern
leaf at micromolar concentrations. Hence this LIG-based ‘collect-and-
sense’”” system surpasses passive pesticide sampling and colorimetric test
strip sensors that provide only average or qualitative measurements.

1. Introduction

The United Nations (UN) projects that a 60% increase in food
production will be needed to meet the needs of an estimated
world population of over 9 billion people by 2050." Pesticides
are an integral solution to increase food production for our
growing population, and without them, there would be an
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immediate 78% loss of fruit production, a 54% loss of vegetable
production, and a 32% loss of cereal production.”> However,
64% of global agricultural land (approximately 24.5 million km?)
is at risk of pesticide pollution by more than one active ingredient,
and 31% is at high risk.®> Therefore, there is an urgent need for
precision agriculture to help reduce the use of pesticides while
maintaining crop yields. Such desperately needed pesticide
reduction is challenging as reducing the number of spray applica-
tions during the growing season could reduce infestation control
and reduce crop yield, while restrictive or excessive use can foster
genetic resistance in the weeds, pathogens, or insects that are
being treated.” Therefore, the most viable path forward to redu-
cing pesticide use on farmland is to apply them only when and
where they are needed or, in other words, to use precision
application or site-specific spraying.* This can be accomplished
by improved monitoring and decision-making through smart
farming practices where, for example, the strategic placement
of sensors throughout the farm field would allow farmers to
gain a comprehensive understanding of the effectiveness of
pesticide applications so that future applications can be tailored
accordingly.’

Mapping pesticide concentrations from spray applications
in a farm field presents a significant challenge due to the cost
and current detection complexity. Typically, environmental
pesticide residue from the air and water are monitored through
passive techniques. Passive sampling devices use sorbent
materials, such as activated carbon, polyurethane foam, poly-
ethylene sheets, or polydimethylsiloxane to adsorb pesticides
from the air or water over weeks or even months i.e., a time-
integrated measurement.®® These sorbent materials are then
collected and analyzed with traditional laboratory techniques
(e.g., liquid chromatography-mass spectrometry (LC-MS)) to
obtain an average pesticide concentration for that collection
site. Hence, these passive sampling techniques do not provide
real-time pesticide concentration measurements and require
the user to ship samples to a laboratory for costly analysis.
Consequently, such devices are not widely employed by farmers
to map pesticide concentrations.

Electrochemical sensors could circumvent the drawbacks
associated with passive sampling and testing by providing
low-cost, real-time monitoring of pesticide concentration in
solution, even in turbid fluid samples where optical sensors can
fail.” Indeed, electrochemical pesticide biosensors represent a
rapidly growing field of research with recent reports demon-
strating the ability to monitor a wide variety of insecticides,
such as organophosphates and neonicotinoids, as well as
herbicides, such as glyphosate and atrazine.'®"” The majority
of these electrochemical pesticide sensors are based on test
strips where a sample droplet is pipetted onto the sensor, or the
sensor itself is briefly submerged in the sample to make
quantifiable readings, much like the glucose test strips that
are used to analyze blood glucose levels in diabetic patients.'®>!
In other cases, these electrochemical sensors are integrated with a
microfluidic device to monitor pesticides from a small, collected
fluid sample."'"*>*® However, there are few reports of in-field
“collect-and-sense” devices that are capable of both collecting and
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quantifying pesticide spray in the farm field.>® To create such a
device, one can turn to nature for inspiration.

Nature has provided some of the most efficient patterned
surfaces for collecting water droplets and harvesting fog or
spray mist including the back of the Namib desert beetle, the
wing of a butterfly, the spine of a cactus, and the leaf of a
fern.?”*® These biological surfaces generally contain hydrophi-
lic (water-attracting) regions that when properly arranged or
surrounded by hydrophobic (water-repelling) regions, can col-
lect and transport water to specific locations. The fern leaf with
multiple individual petals or pinnules is one of the largest
natural water droplet and fog harvesting surfaces as the size
and shape of fern leaves, especially that of the ostrich fern leaf,
provide a large surface area for water droplets to condense and
collect.>® Such fern leaves provide a reticulate or net-like vena-
tion shape that gradually decreases in size as they approach the
dripping point or apex of the leaf where water droplets collect
and drip near the base of the plant for hydration.*™
In essence, the fern leaf has a remarkable ability to harvest
fog/spray mist and channel water rapidly and efficiently across
its surface without the need for a pump, due to its integrated
system of multiscale channels and surface microstructures.””

The ability to create large, high-surface area structures for
pumpless fluid transport to a sensor can be challenging.
Researchers have recently shown that open microfluidic devices
can transport fluids across channels using Laplace pressure-
driven flow, via spatial gradients of microchannel wettability,
similar to how water is transported across natural surfaces
like butterfly wings, cactus spines, beetle backs, and fern
leaves.**"** However, the patterned surfaces used to create the
open microfluidics are often created with expensive cleanroom
fabrication techniques (e.g., photolithography with UV masks,
reactive ion etching).?>?**® Moreover, these techniques are
focused on solely developing the open microfluidics and hence
a different set of potentially costly materials such as thin films
of platinum, gold, or graphene grown via chemical vapor
deposition is often needed to produce a connecting electrode
that could be used to electrochemically sense target molecules
within the transported fluid. Of course paper microfluidics,
like open microfluidics, can channel and split fluid samples
without a pump in a cost effective manner for myriad sensor
applications.?””*? In fact, a recent study demonstrated that an
origami paper microfluidic could channel pesticide spray
through a pre-loaded enzyme, for subsequent sensing with a
screen printed carbon electrode.?® Hence, paper microfluidics
could be suitable for collecting pesticide spray, however, paper
microfluidics are also sensitive to environmental conditions
like humidity, temperature fluctuations, and exposure to sun-
light, which could adversely effect their stability and perfor-
mance during a long period of exposure on a farm field.
Moreover, paper microfluidics need to be interfaced with a
separate conductive electrode for electrochemical sensing.
However, laser-induced graphene (LIG) has emerged as a
promising material for both open microfluidic development
through surface wettability patterning and conductive sensing
components due to its porous nature, high surface area, high
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throughput manufacturing, and to the fact that graphene is
more stable than paper."”** As such, LIG offers scalability for
high-throughput manufacturing of sensor and open microflui-
dic systems, making it potentially conducive to wide-scale field
deployment for mapping pesticide residues in crop fields.
Herein, we introduce the concept of using a high surface
area fern design, comprised of hydrophilic LIG, to not only
collect sprayed pesticide residues, but transport the collected
pesticides to a singular point for further subsequent quantifi-
cation with an amperomtric LIG-based biosensor. The “collect-
and-sense’” device utilizes LIG to create both the fern leaf and
corresponding biosensor. The LIG is synthesized and patterned
all in one step using a gantry-based CO, laser. This LIG
manufacturing process is amenable to scalable manufacturing
and circumvents the need for energy intensive and low-yield
graphene synthesis techniques including chemical vapor deposi-
tion,**™*” microwave synthesis***® and nanotube unzipping.>>>'
LIG also bypasses the need to create printed graphene devices
that generally require mechanical exfoliation®** or chemical
exfoliation®*> of graphite to produce graphene flakes, energy
intense sonication/mixing to breakdown the flakes into micro/
nanoscale sizes, mixing of graphene with binders (e.g., ethyl or
nitrocellulose) and often toxic solvents (e.g., cyclohexane),
printing of inks through costly equipment (inkjet, aerosol,
screen, or gravure printers), and performing energy intensive
post-print annealing (high-temperature oven annealing, photo-
nic annealing, or rapid pulse laser annealing) to carbonize ink
binders and produce a printed graphene surface sufficiently
conductive for sensing applications.’**® The LIG developed
herein is made hydrophilic and porous by tuning the settings of
the CO, laser to minimize micropatterning which can make the
LIG hydrophobic or near superhydrophobic in some cases.'”"**
The LIG electrochemical biosensor is functionalized with elec-
trodeposited PtNPs and the enzyme glycine oxidase to selec-
tively monitor the herbicide glyphosate collected from the LIG
leaf. The sensors were calibrated with both a glyphosate salt
from Sigma Aldrich (SA; glyphosate solution) and ready-to-spray
glyphosate solution from Corteva Agricscience (CA; glyphosate
solution) to understand the performance of the sensors to
differently processed glyphosate solutions. Glyphosate is the
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most widely used herbicide in the United States and across
the globe, making it a highly relevant pesticide for testing
the developed “collect-and-sense” system.®® Finally, to create
a completely stand-alone sensing platform, a portable potentio-
stat capable of running user defined amperometric measure-
ments, that we call an amperometric measurement instrument
(AMI), was developed to aquire signal responses from the LIG-
based biosensors in the field. Glyphosate solutions were
sprayed onto the LIG collection device to confirm its ability to
transport glyphosate residues collected and to quantify them
using the LIG enzymatic biosensor. Hence this low-cost, LIG-
based ‘“‘collect-and-sense” platform and developed AMI could
be deployed on a large scale to monitor glyphosate and other
pesticides deployed by agriculture workers.

2. Results and discussion
2.1 Fabrication of LIG fern leaf and biosensor

Both the biomimetic fern leaf and electrochemical biosensor
were comprised of LIG (Fig. 1 and Experimental section). LIG
was synthesized from polyimide by using a CO, laser with laser
settings of 15% speed, 7% power, and 1200 dots per inch (DPI)
to create the hydrophilic LIG leaf and the 3 electrodes asso-
ciated with the electrochemical biosensor. As we have demon-
strated previously, such a high laser DPI setting leads to
enhanced LIG homogeneity, decreased electrical resistivity,
and lower water contact angles (i.e., higher hydrophilicity)."”
The LIG leaf was geometrically inspired by the structure of the
ostrich fern leaf which contains numerous hydrophilic micro-
channels that extend along each leaf segment or pinnule and
converge toward an apex, facilitating the efficient collection
and transport of fluid to a single point (as shown in Fig. 1(A)
and (B)). This includes eight symmetric LIG leaf pinnules that
converge into a central channel or stem to facilitate the delivery
of fluid to a singular point to be collected (Fig. 1(E)). This
completes the LIG leaf fabrication. PtNPs were then electro-
deposited onto the working 3 mm electrode of the LIG sensor
through a 30 second step function pulsed at —0.5 V versus a
commercial Ag/AgCl electrode in a platinum plating solution to

E

Enzyme
Functionalization

Electrodeposition

Fig. 1 Fabrication and functionalization schematic of the LIG leaf and electrochemical biosensor. Schematic images demonstrate the (A) fern leaf
inspiration, (B) polyimide conversion to LIG using a CO; laser to create both the fern leaf pesticide collection patch and the 3-electrode electrochemical
biosensor, (C) surface modifications including the electrodeposition of PtNPs onto the LIG working electrode, (D) functionalization of the LIG sensor with
the enzyme glycine oxidase for selective glyphosate monitoring, (E) and an optical image of the completed LIG leaf and biosensor. Both a metric scale
ruler and a standard no. 1-sized paperclip serve as measurement legends in (E).
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enhance the electroactive nature of the LIG towards hydrogen
peroxide oxidation, the byproduct of the enzyme (glycine
oxidase) used in this work (Fig. 1(C)). Silver (Ag) paste was
applied to the reference electrode and heated/dried for 10
minutes at 100 °C to create a Ag reference electrode®® while
the counter electrode was left as bare LIG.'® A mixture of the
enzyme glycine oxidase (190 pM in 10x PBS pH 7.4), cofactor
flavin adenine dinucleotide (FAD, 2 nM with pH of 8.4), and
crosslinking agent glutaraldehyde (0.25%) was next drop coated
onto the working electrode to create the glyphosate biosensor
(Fig. 1(D)). Finally, an acrylic polish was applied across the
stems of the three-electrodes (non-active area used for electrical
connection to the potentiostat) to passivate this area so it would
not electrochemically interact during experiments.

2.2 Material and electrochemical characterization of the LIG
fern leaf and biosensor

The material properties of the developed LIG were further
elucidated with water contact angle, scanning electron micro-
scopy (SEM), and Raman spectroscopy measurements (Fig. 2).
Static water contact angle measurements revealed that the LIG
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was extremely hydrophilic (29.8°), in fact more hydrophilic than
an actual ostrich fern leaf (63.7°) and much more hydrophilic
than the surrounding hydrophobic non-lased polyimide (99.5°)
(Fig. 2(A)). As will be explored in subsequent sections, these
hydrophilic LIG tracks surrounded by hydrophobic polyimide
(Fig. 2(B)) will enable Laplace pressure driven flow generally
associated with open microfluidics. SEM micrographs of the
bare LIG, non-lased polyimide and LIG interface, and LIG
functionalized with PtNPs were also obtained (Fig. 2(B), (C),
(E) and (F)). The bare LIG exhibited microscopic pores ranging
from approximately 10-20 pm across in diameter (Fig. 2(B) and
(Q)), while the PtNPs electrodeposited onto the LIG exhibited a
size range from 30-45 nm within larger Pt clusters approxi-
mately 5-6 pm in size (Fig. 2(E) and (F)).

Raman spectroscopy and X-ray photoelectron spectroscopy
(XPS) were next employed to comprehensively characterize the
LIG, allowing for the assessment of its structural properties,
elemental composition, and chemical bonding configurations.
The three characteristic bands of graphitic material-D
band (~1342 cm™'), G band (~1578 cm %), and 2D band
(~2686 cm™ ") - were noted in the Raman spectra (Fig. 2(D)).**

300 300
G— Bare LIG Cls H 0 Pt Pulse I —— 10mV/s
—— PtLIG 200 1 Pt Pulse 200 25mV/s N\
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Fig. 2 Material characterization of the fabricated LIG and LIG functionalized with PtNPs utilized in the leaf-shaped collection patch and connected
biosensor. (A) Water contact angle images showing the static contact angles of water for the (A1) LIG, (A2) polyimide, and (A3) ostrich fern leaf. Scanning
electron microscopy (SEM) micrographs displaying the (B) LIG and polyimide interface (C) overall LIG microstructure. (D) Raman spectrum of the
developed LIG. Raman spectrum were obtained from 5 LIG electrodes. SEM micrographs of (E) platinum nanoparticles deposited on the LIG surface and
(F) a close-up view of a platinum nanocluster on the LIG. (G) X-ray Photoelectron Spectroscopy (XPS) of the bare LIG and LIG with PtNPs and cyclic
voltammetry (CV) in 5 mM ferri/ferrocyanide with 0.1 M KCl solution for (H) LIG subjected to varying platinum pulse electrodeposition treatments and for
(I) LIG subjected to the 4-pulse platinum electrodeposition treatment and acquired at different scan rates.
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The D band indicates defects in the graphitic layers,*® the G band
suggests the presence of sp>carbon atoms in graphene,®® and the
2D band indicates the presence of few-layer graphene.®” Then, the
Lorentzian function®® was used to determine the band’s intensity,
location, and full width at half maximum. The average I/l band
calculated from the data, 0.77 + 0.07, suggests a high degree of
disorder present in the graphene sample. We can infer from the
average I/l band calculated, 0.68 £ 0.04, that the sample
contains multi-layer graphene.®® XPS analysis confirmed a strong
composition of carbon (C1s), oxygen (O1s), and Pt in the samples
(Fig. 2(G)). The C1s peaks were strong, around 284.4 eV, while the
O1s peaks were strong, around 531.7 eV, in samples with and
without PtNPs. In samples where PtNPs were present, a promi-
nent peak at approximately 70.1 eV in the Pt 4f region was
observed, providing confirmation of the successful electrodeposi-
tion of PtNPs onto the LIG surface, consistent with findings in
prior studies.”®

Finally, cyclic voltammetry in 5 mM ferri/ferrocyanide prepared
in 0.1 M KCl was used to compare the electroactive nature of the
bare LIG and LIG electrodes created with increasing amounts of Pt
nanoparticles (1-5 pulses, see Experimental section) (Fig. 2(H)).
The peak currents increased as the number of platinum pulses
increased at 100 mV s~ %, which correlated to an increase in the
surface area available to engage with the redox probe. An increase
in electroactive surface area (ESA) is confirmed from calculations in
Table S1 (ESIt). However, during the fifth pulse, the peak current
was observed to remain consistent with that of the 4-pulse plati-
num electrode, as confirmed through averaging data from n = 3
sensors. This phenomenon can be attributed to the oversaturation
of PtNPs on the LIG, leading to a change from nanostructured to
microstructured platinum, which, in turn, diminishes the electro-
active nature of the platinum as previously demonstrated with
PtNP-graphene electrochemical glucose biosensors.”* The 4-pulse
platinum process was selected for further analysis of its electro-
chemical properties and used for the characterization of the LIG
sensor. It is important to note that the peak-to-peak separation
(AE,) increased as shown by the drift in peak currents at each scan
rate as the number of electrodeposition pulses increased. This
behavior is typically seen with an electrochemically quasi-reversible
system.”>”® The Pt-coated LIG and electrochemical properties were
analyzed using the Randle’s-Sevcik equation for a quasi-reversible
system as well as performing X-ray photoelectron spectroscopy to
validate the deposition of PtNPs onto the LIG surface. The Randles-
Sevcik equation describes the current intensity (i) in an electro-
chemical cell at the peak location (Ep) for a redox species, particu-
larly in the context of cyclic voltammetry (eqn (1)). The ESA of the
LIG working electrode or (4) in the Randles-Sevcik equation can
therefore be calculated by monitoring the peak current (i) of a
redox equation during cyclic voltammetry and noting the scan rate
(v), redox probe diffusion coefficient (D), number of electrons
transferred in the redox probe (1), the bulk concentration of the
redox species (C), Faraday constant (F), universal gas constant (R),
and temperature in Kelvin (7).”*

nFDv )
RT

ip = +0.4361nFAC
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In this study, the ESA was calculated using a scan rate of
100 mV s~ for a 4-pulsed platinum electrode. The ESA for bare
LIG and 4-pulse Pt-LIG was calculated to be 0.136 cm” and
0.176 cm?, respectively; see ESIT for values, calculations, and
Randles-Sevick plot (Table S1 and Fig. S1). The planar geo-
metric surface area for an electrode with a diameter of 3 mm is
only 0.071 c¢cm?; therefore, the creation of LIG and Pt-LIG
electrodes boosts this surface area by approximately 192%
and 248%, respectively. When the geometric surface area is
smaller than that of the ESA, the redox probe solution has
significant accessibility to the edge sites of the material, in this
case the porous, 3D nature of LIG and PtNP structure.””

2.3 Fluid transport properties of LIG fern leaf

2.3.1 Geometric refinement of LIG fern leaf pinnules -
wedge angle comparison. The geometry of the LIG fern leaf
pinnules that flow into a central track (stem) was first analyzed
and refined to improve the transport of fog/mist to the
connected biosensor (Fig. 1(E)). The LIG fern leaf pinnules
are made of wedge tracks that increase in size as they reach the
central track. This wedge design of the hydrophilic LIG track
surrounded by hydrophobic non-lased polyimide was inspired
by recent research that develops open microfluidics for high
rate, pumpless fluid transport via wettability patterning.**3*
A variety of 30 mm wedge tracks created with varying angles
(ie., 3% 5°% 7° and 10°) were tested to verify the optimal wedge
angle for fluid transport (Fig. S2, ESIt). Fig. 3 and Movie 1
(ESIT) demonstrate how a singular water droplet of 5 pL, mixed
with fluorescent dye for visualization, deposited at the narrow
end of the 7° wedge track flows across the surface. Once the
droplet encountered the LIG surface, the fluid quickly traversed
from the narrow end of the wedge track (0.5 mm width) to the
wide portion (2 mm width). Interestingly, the fluid moved
rapidly across the first half of the wedge channel within 0.3 s
while substantially slowing in the 2nd half, reaching the end of
the track by 6.97 s (Table 1). Similar results were obtained with
the other wedge angle tracks (with wedge angles of 3°, 5°, and
10°) where fluid flow was substantially more rapid in the first
half of the track than the second half. During the first half of
the wedge, we assume the fluid follows rapid transport
associated with Laplace Pressure driven flow which is also
associated with wedge channel open microfluidics, while in
the latter half of the LIG, the fluid follows slower capillary
wicking driven flow, often associated with paper microfluidics,
as the initial water droplet bulge and fluid velocity is completely
diminished.***>”>7® Such a dual flow regime is most likely
caused by the unique high porous structure of LIG which can
clearly permit wicking flow in addition to Laplace driven flow
depending upon the geometry of the channels. The wedge
angle of 7° was chosen for the pinnule wedge angles of the
LIG fern leaf as it provided the most consistent fluid flow
velocities (lowest standard deviation), although narrower
wedge tracks appeared to transport fluid more rapidly (Table 1).

2.3.2 Fluid flow along an incline. Next, the impact of
gravitational forces on fluid flow across the LIG leaf fern was
analyzed to better provide insights relevant to applications such

Nanoscale Horiz., 2024, 9, 1543-1556 | 1547


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4nh00010b

Open Access Article. Published on 19 June 2024. Downloaded on 2/7/2026 12:51:57 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Communication

Laplace Pressure
Driven Flow

[
I Capillary Wicking
Driven Flow

Fig. 3 Time stamp images of fluid flow experiment to compare Laplace
pressure driven flow (first half of the wedge track to the left of the red
dotted line) and capillary wicking driven flow (second half of the wedge
track to the right of the red dotted line) on hydrophilic LIG using a 7°
wedge track. The length of each track is 30 mm. A green, fluorescent dye
was added to the water to visualize the fluid flow.

as fog harvesting and surface flow dynamics. For these experi-
ments, the LIG wedge track created with a 7° wedge angle was
chosen due to its consistent flow results as shown in Table 1.
Fig. S3-S5 (ESIT) shows images from an aerial view of fluid flowing
up the 7° wedge track at an incline of 3°, 5°, and 7° where a 10 mm
by 10 mm square hydrophilic reservoir would collect any water
that reached the top of the incline. As the droplets increased from
1 to 30, each 5 pL in volume, the fluid tended to congregate at
the bottom of the incline at the narrow end of the wedge track.
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Approximately 10 pL of the total volume (150 pL) was propelled to
the reservoir at the top of the inclined track. Angles above and
below the final 5° incline (3° and 7°) were also tested with the 7°
LIG wedge. Both the 3° and 7° incline showed fluid reaching the
square reservoir like the 5° wedge after the first 5 pL droplet
touched the LIG surface. However, the reservoir only became
wetted (less than 3 pL fluid), and the majority of the fluid
congregated at the bottom of the wedge track whereas about
10 pL was able to be propelled to the reservoir with the 5° incline.
Previously in our group, we conducted similar studies creating
hydrophilic wedge tracks surrounded by hydrophobic walls using
spin coated graphene ink.** This spin coated graphene was
treated with oxygen plasma to create the hydrophilic tracks and
further laser patterned to create the hydrophobic walls. For this
material with an identical wedge design, it was found that the
maximum incline that water fills the top patterned reservoir was
7°. Another similar example study was conducted with a hydro-
phobic substrate made from polyethylene terephthalate (PET),
titanium dioxide NPs, and ethanol. Super hydrophilic tracks were
created onto the hydrophobic surface by using a photomask
under UV treatment.>® It was found that the maximum incline
angle for water transport on this incline was approximately 13°. In
summary, these experiments shed light on the influence of
gravitational forces on fluid flow across the LIG fern leaf, offering
valuable insights applicable to spray mist harvesting and surface
flow dynamics.

2.3.3 Water collection experiments. Fog or spray mist is a
utilized source of water supply for many plants as it can help
reduce water loss where the plants are able to directly absorb
the condensed water droplets on their leaves, stems, or nearby
roots.”® Numerous references in the literature utilize various fern
species, including the ostrich fern leaf, as collection substrates for
condensed water droplets from fog or mist.>>”>’” This choice is
attributed to their extensive surface area and wettability patterns,
which facilitate the channeling of collected water from fog or mist
to a central point on the plant, enabling subsequent plant
hydration. Hence, the LIG-based pesticide spray collection
patch was geometrically patterned after an ostrich fern leaf to
assist in collection of pesticide spray that would later desorb
and transport to a single biosensor after a fog or mist event
(Fig. 1). This allows for the collection patch to be readily rinsed
with a buffered solution sprayed onto it, enabling rapid quan-
tification of the adsorbed pesticide concentration at the edge of
the farm field. To better understand the fluid transport proper-
ties of the patch, the water collection capability of the replica
LIG fern leaf was subsequently compared to that of an actual

Table 1 Time and velocity comparison of fluid flow within the LIG wedge tracks created with varying wedge angles

Flow regime Laplace pressure driven flow (first half of wedge track)

Capillary wicking driven flow (second half of wedge track)

Wedge angle thait [S] Viate [mm s7'] tean [S] Ve [mm s™]
3° 0.23 £+ 0.06 77.00 £ 7.92 2.76 = 0.86 5.97 £ 1.60
5° 0.28 + 0.06 52.43 £ 4.13 2.84 + 0.73 5.43 + 0.91
7° 0.30 + 0.05 44.62 + 1.33 6.97 + 0.87 2.19 + 0.13
10° 0.38 = 0.08 35.00 £ 2.33 9.97 £+ 0.20 1.50 £ 0.26

Note: ¢ - time, V - velocity.
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Fig. 4

(A) Schematic showing the fog harvesting experimental set-up and resultant fog harvesting tests for the LIG replica fern, actual ostrich fern, and

unpatterned polyimide showing (B) water mist collection capability at different orientation angles, (C) total water mist collected at the vertical position
(0° angle), and (D) total water mist collected at the vertical position (0° angle) normalized to the geometric area of the collection material.

ostrich fern leaf. This comparison was conducted by using a
cold mist humidifier (Fig. 4) with an air flow of 5.55 mL min "
to understand how condensed water droplets from simulated
fog/spray mist would flow on different substrates. The samples
were exposed to the deionized water mist at 10 cm, which
allowed complete coverage of the fern leaf substrates by mist
exhausting from the humidifier. This distance seemed to
minimize mist evaporating to the ambient air, though some
mist invariably did not reach the leaves. Water collected from
the samples followed the wedge tracks or fern leaf pinnules and
flowed to the apex of the leaf where the fluid fell into a 100 mL
beaker. The water collection experiments were conducted on
three different samples (an actual ostrich fern leaf, the LIG
replica of the fern leaf, and a control polyimide substrate cut
out in the shape of the fern leaf) to demonstrate the effective-
ness of LIG fern leaf in collecting water by mist. These three
substrates were exposed to the cold mist at three orientations
(0° 45° 90°) (Fig. 4). The humidifier used 500 mL of water,
and the water collected from the fern and replica leaves was
calculated as a percentage of total water used. The 0° orienta-
tion (apex pointing down) gave the largest water collection
efficiency of 2%, 9%, and 12% for the control, replica, and
actual leaves, respectively. Once the optimal orientation of the
samples was determined (i.e., apex pointing down), the samples
were subjected to cold mist for 90 minutes with 300 mL of mist

This journal is © The Royal Society of Chemistry 2024

projected from the humidifier during that time. During the
90 minutes under mist conditions, the ostrich fern leaf col-
lected 43.3 £ 1.2 mL of water mist. Almost identically, the LIG
replica leaf collected 33.0 £ 2.2 mL of water mist. The control
leaf collected 7.8 £+ 0.2 mL of water mist. The LIG replica leaf
was similar to the ostrich fern leaf in terms of collecting water
mist (collecting nearly 77% of the cold mist to that of the real
fern leaf as opposed to only 18% for the polyimide control)
towards the apex of the device to a functionalized sensor.

The data from the collected water mist over the 90-minute
period illustrated that the transport mechanism of the capillary
system is consistent. Initially, the water collected was slow
as the water droplets from the cold mist condensed onto
the surface of the three test materials. After approximately
10-15 minutes, the water collected started to show a linear
trend on all three materials. It is important to note that with the
control polyimide, the water droplets tend to fall off the wedge
tracks unlike the ostrich fern and LIG replica. This can be
accounted for by microchannels within the ostrich fern and
porosity of the LIG which, due to its hydrophilic behavior,
causes water to absorb onto the surface and follow the tracks
towards the apex(s).>® In contrast, droplets on the control
polyimide tended to fall off the tracks instead of traversing
along them, which can be attributed to its inherent hydro-
phobic nature. Finally, we normalized the water collection data
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from Fig. 4(C) to the surface area of each material. Even though
the total water collected was higher for the ostrich fern
leaf compared to the LIG replica or polyimide control, the
projected surface area of the ostrich fern leaf was much larger
(66.67 cm® vs. 4.72 cm® for LIG replica and polyimide control).
Hence, the replica LIG leaf demonstrated an approximately
11-fold increase in efficiency in collecting and transporting
water compared to the natural ostrich fern leaf when the data
was normalized to geometric area. This underscores the super-
ior water collection capability of LIG fern leaf patch compared
to a natural ostrich fern leaf, confirming the effectiveness of the
fern leaf design for collecting and transporting pesticide spray.

2.4 Electrochemical sensing of glyphosate with the LIG-based
biosensor

2.4.1 Glyphosate calibration with SA glyphosate solution.
The Sigma Aldrich (SA) glyphosate (as described in the
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Experimental Section) was detected using amperometry at a
fixed potential of +0.6 V versus Ag in PBS pH 7.4 with the
developed LIG-based biosensor. Glyphosate is catalyzed by the
enzyme glycine oxidase to produce H,0,, glyoxylate, and
ammonia. The generated H,0, is oxidized on the biosensor
surface by the PtNPs deposited on the biosensor surface and
the +0.6 V potential bias applied to the electrode versus the Ag
reference electrode.”®®® Through this oxidation, two electrons
are released and read as an amperometric signal, which allows
the concentration of glyphosate to be directly correlated to a
change in current. Consequently, the resultant glyphosate
sensor demonstrated a linear sensing range of 10-260 nM
(Pmodel = 0.001; Praciorfic = 0.549; R* = 0.9942), sensitivity of
5.64 nA pM ', and LOD of 1.15 pM (Fig. 5(A) and (B)).
Previously, we developed a test strip working glyphosate bio-
sensor using LIG functionalized with PtNPs and the enzyme
glycine oxidase as well.'® Besides presenting a similar linear
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Fig. 5 Calibration of the developed LIG biosensor for the selective detection of the herbicide glyphosate. (A) Electrochemical calibration plot in (A)
analytical grade glyphosate and resultant (B) linear sensing range from 10 to 260 pM (n = 8; Pmoget = 0.001; Prack-of-fit = 0.549; R? = 0.9942) with an LOD of
1.15 uM. Electrochemical calibration plot in (C) commercial grade glyphosate and resultant (D) linear sensing range from 5 to 65 pM (n = 7; pmodel = 0.001;
Plack-of-fit = 0.631; R? = 0.9892) with an LOD of 1.57 uM. (E) Electrical block diagram of the developed portable potentiostat. (F) The current response of
the LIG-based biosensor with increasing concentrations of glyphosate as measured from the developed portable potentiostat and a commercial
potentiostat.
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sensing range (10-260 uM of glyphosate), this previous sensor
exhibited reduced sensitivity (0.991 nA pM~") and higher LOD
(3.03 uM). It is worth noting that the earlier work only focused
on developing the LIG-based working electrode, necessitating
the use of an external Ag/AgCl reference electrode and a
platinum counter electrode for its operation. Therefore, this
current study illustrates the enhancement in performance
achieved by utilizing an all-LIG-based working, reference,
and counter-electrode configuration. Furthermore, the sensor
implemented in this study was previously tested against
major herbicides and insecticides, displaying specificity to
glyphosate.'®

2.4.2 Glyphosate calibration with CA glyphosate solution.
Next, the Corteva Agriscience (CA) glyphosate solution (Abundit
Edge herbicide, see Experimental section) was used to better
understand the complexity of detecting glyphosate with the
developed LIG-based biosensor in a standard ready-to-spray
pesticide solution that is applied to farm fields. The LIG-based
biosensor presented a linear sensing range from 5 to 65 UM
(Pmodel = 0.001; Pracioric = 0.631; R* = 0.9892) for the CA
glyphosate solution (Fig. 5(C) and (D)), exhibiting a slight
decrease in sensitivity (5.07 nA uM ™) and an increase in LOD
(1.57 uM) compared to the SA glyphosate solution. Further-
more, a slight improvement at the lower end (10 to 5 pM) but a
considerable reduction, four times lower, in the upper range
(260 to 65 uM) was also observed. These results are similar to
other carbon-based glyphosate biosensors reported in the
literature. For example, a graphite-based material sensor with
an LOD of 0.148 pM, utilizing horseradish peroxidase as a
biorecognition element for testing in river/tap water,®! and a
graphene-based material sensor employing zinc oxide NPs to
detect glyphosate in green tea, corn juice, and mango juice.®* It
is worth noting that while we anticipate our sensors being
selective for glyphosate in commercially available solutions,
there is some uncertainty regarding their accuracy. Companies
in the United States manufacturing commercial pesticide solu-
tions are required to register their ingredients, including the
active ingredient, with the Environmental Protection Agency
(EPA). However, only the active ingredient is publicly disclosed,
making it challenging to identify other chemical species that
might inhibit the glycine oxidase enzyme or oxidize the PtNPs
electrodeposited onto the LIG surface. Future research will be
necessary to address this concern.

2.5 Development of portable amperometric measuring
instrument and testing of integrated LIG fern leaf and
biosensor system

2.5.1 Construction and programming of the portable
amperometric measuring instrument. The typical choice of test
equipment for interfacing with an electrochemical cell, as
described in this manuscript, is a commercial potentiostat.
While potentiostats come in various forms, a laboratory-grade
benchtop potentiostat is the most common. These devices offer
several advantages such as flexibility, precision, and accuracy.
However, they are often large, expensive, and consume rela-
tively large amounts of power, making them ill-suited for use in

This journal is © The Royal Society of Chemistry 2024
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the field.*® To move the development of sensor technology into
practical application spaces, a portable, inexpensive, and low-
power sensor interface is required using custom-designed
hardware, several examples of which, have been also reported
in the research literature.®*®” To make the developed biosensor
system portable and ready for use in a farm field, we created a
portable potentiostat or amperometric measurement instru-
ment (AMI) for the LIG-based biosensor system. A block dia-
gram of the developed AMI is shown in Fig. S6 (ESIt). The
analog front end is used to properly bias the electrochemical
cell as well as to convert the cell current into an analog output
voltage. The microcontroller (MCU) is used to digitize the
output voltage from the analog front end and transmit the data
to the host computer via USB. Additionally, the microcontroller
allows the user to control the configuration of the analog front
end. More details about these components are given below.

The analog front end is implemented using the LMP91000
analog front end potentiostat from Texas Instrument. A beha-
vioral block diagram of the LMP91000 is shown in Fig. 5(E). The
LMP91000 consists of three elements: the bias voltage genera-
tor, the transimpedance amplifier, A2, and the control ampli-
fier, A1. The bias voltage generator allows the user to control
the voltage potential between the working and reference elec-
trodes. The bias voltage, V3, is set by the user, and can be varied
from —600 mV to +600 mV in 50 mV steps. The control
amplifier compares the potential between the working and
reference electrodes to the desired bias voltage set by the bias
generator, Vg. The error signal is amplified and applied to the
counter electrode, thereby maintaining a constant working-to-
reference voltage potential. According to the datasheet of the
LMP91000, the nominal gain of the control amplifier is 120 dB.
The control amplifier can supply up to 750 pA into the counter
electrode. The current flowing into the reference terminal is
less than 90 pA.

The negative feedback of the transimpedance amplifier
holds the working electrode at a constant DC voltage, referred
to as the zero voltage, Vzgro. The zero voltage is the nominal
output voltage of the transimpedance amplifier when the cell
current, Icgr1, is zero. This allows for the output voltage of the
analog front end to indicate both positive and negative cell
currents. Because Vzgro is constant, it serves as a virtual ground
internally to the LMP91000. However, the absolute value of
Vzero, With respect to ground, must be accounted for by the
analog-to-digital converter. The smallest cell current that can
be detected by the analog front is determined by the transim-
pedance amplifier as well as the analog-to-digital converter,
and can be expressed as:

Icers, min = Vrer/ (RTIA X ZN) (2)

where Vigr and N are the reference voltage and resolution of the
analog-to-digital converter, respectively. Ry, is the gain of the
transimpedance amplifier. The largest variation in the cell
current that can be detected, before the output voltage satu-
rates, can be expressed as:

ICELL_fS = (VREF - VZERO)/RTIA (3)
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Table 2 Performance metrics for the portable AMI under varying tran-
simpedance amplifier (Rta) gain values

Minimum detectable Full-scale

Rya (kQ) current (nA) current (pA)
2.75 222 455

3.5 174 357

7 82 179

14 44 89

35 17 36

120 5.1 10

350 1.7 3.6

Typically, the reference voltage is fixed, so the values of
IcgLr, min and Icgrg, ¢ are primarily determined by the gain of
the transimpedance amplifier, Rria. The gain of the transimpe-
dance amplifier is set by the user and can be varied from
2.75 kQ to 350 kQ in six discrete steps.

The developed portable AMI also uses a MSP430 microcon-
troller from Texas Instruments which has an integrated 12-bit
analog-to-digital converter with a reference voltage of Vggp =
2.5 V. The zero voltage is set internally to be Vzgro = 1.25.
By setting Ry = 350 kQ, the smallest change in the cell current
that can be detected is approximately 1.7 nA. This excellent
resolution comes at the cost of a relatively small full-scale range
for the cell current. When Rpx = 350 kQ, the full-scale current
range is approximately 3.57 pA. If a larger full-scale current
range is desired, then the gain of the transimpedance amplifier
can be reduced. For example, if Ry, is set to its minimum value
of 2.75 kQ then the full-scale current range becomes =+ 455 pA.
The smallest change in Icg;;, that can be detected with Ry =
2.75 kQ is 222 nA. A complete listing of the minimum detect-
able currents and the full-scale range that can be achieved for
the different values of Ry is shown in Table 2. Moreover, a
snapshot of the graphical user interface that was developed to
run the AMI from a computer is displayed in Fig. S7 (ESIT).

Verification tests were conducted between the developed
AMI and a CH Instruments tabletop potentiostat for the accu-
racy of current responses generated from the LIG-based gly-
phosate biosensors. Single volumetric additions were added
to a beaker containing PBS and the glyphosate sensor. These
additions had equivalent concentrations as displayed in
Fig. 5(F). Our developed AMI showed up to 97% accuracy to
the commercial potentiostat at concentrations within the linear
range of our sensor. As the glyphosate concentration went
beyond that range, our device still showed high accuracy of
up to 92%.

2.5.2 Quantification of glyphosate pesticide spray with
integrated LIG fern leaf and biosensor. To demonstrate the
capability of the LIG collection patch, glyphosate collection
tests were performed intermittently over a 2-week period. A
solution was collected from each device and tested with the
calibrated LIG biosensor and developed AMI to sense glypho-
sate (from four different sensors, n = 4) from multiple patches
collected from an outdoor field within 24-48 hours of pesticide
spray as well as one week and two weeks after spraying (from
5 different patches for each time period, n = 5). The LIG

1552 | Nanoscale Horiz., 2024, 9, 1543-1556

View Article Online

Nanoscale Horizons

collection patches were initially gathered after 24 hours to
replicate the restricted-entry interval (REI) commonly observed
in agricultural fields. This period allows the pesticide to dry
before farmers and agricultural workers enter, minimizing
health risks associated with exposure to pesticide inhalation,
skin contact, or ingestion. The pesticide from the LIG patches
were solubilized via a PBS buffer rinse and three solutions were
tested with the LIG sensors yielding a biosensor recovery signal
of 73.64 £ 4.94%, 14.02 £ 5.18%, and no response for the
collection patches gathered 24-48 hours, 1 week, and 2 weeks
after pesticide spraying respectively. In these experiments, it is
assumed that a portion of the sprayed pesticide becomes
trapped within the pores and high surface area of the LIG
and thus is unable to desorb after rinsing with water mist,
resulting in a low recovery percentage. However, the consistent
biosensor recovery signals mean that these trapped pesticide
residues could be accounted for, and the biosensor signal was
normalized accordingly. For example, by using a correction
factor of 1.36 we could accurately predict the true concentration
of pesticide sprayed and monitored through the LIG-based
“collect-and-sense” system for the pesticide acquired from
the LIG patches collected 24 to 48 hours after spraying.
However, this data also underscores the significance of
promptly collecting the LIG patches following a pesticide spray
event. The short half-life of glyphosate, ranging from 10.4 to
26.6 days when sprayed on foliage and litter®® and potentially
reduced to 33.7 hours with water and sunlight due to photo-
degradation and biodegradation,®® leads to a nearly 60%
decline in the sensor response signal after one week and
renders it unreadable after two weeks. The temperature, moist-
ure, and overall weather conditions of the LIG patches placed in
an outdoor field to acquire this time-dependent data are
detailed in the Experimental Section.

3. Conclusions

In conclusion, this work demonstrates the use of a hydrophilic
LIG device to collect sprayed glyphosate and transport glypho-
sate residue to a singular point to create a testable solution.
This solution was then used alongside a developed enzymatic
biosensor and portable AMI for the selective monitoring of
glyphosate from pesticide sprays—demonstrating a field
deployable “collect-and-sense” system which circumvents the
need to send samples back to a laboratory for testing. Adjusting
laser parameters during LIG fabrication enabled the creation of
a highly porous and hydrophilic fern pinnule-shaped collection
patch for efficient water and pesticide transport to a connected
LIG biosensor. The LIG biosensor, functionalized with PtNPs
and glycine oxidase, was able to accurately monitor the SA
glyphosate solution with a sensitivity of 5.64 nA uM ", LOD of
1.15 pM, and linear sensing range of 10-260 uM. Moreover,
the biosensor displayed a sensitivity of 5.07 nA uM~ ', LOD of
1.57 uM, and linear sensing range of 5-65 pM for the CA
glyphosate solution. The developed AMI exhibited a high level
of accuracy, with sensor signals monitored closely matching

This journal is © The Royal Society of Chemistry 2024
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those obtained from a standard commercial benchtop potentio-
stat, achieving up to 97% similarity. This capability allows for the
use of the developed biosensor systems in remote locations,
including farm fields. The “collect-and-sense” system could con-
sistently collect and monitor glyphosate spray after 24-48 hours of
spraying in a farm field, but sensor signal rapidly decayed after
one week of spraying and yielded negligible signal after two weeks
due to the rapid decay of the pesticide. Therefore, it is important
to collect the sensors from the farm field soon after the restricted-
entry interval (REI) to ensure accurate detection of pesticide
residues and maximize the effectiveness of the LIG-based
“collect-and-sense” system in pesticide monitoring.

Hence, this work presents a novel approach for monitoring and
quantifying pesticide spray/residue using a portable, cost-effective,
and energy-efficient “collect-and-sense” system. This user-friendly
technology empowers researchers and agricultural professionals to
precisely track and map pesticide applications, enabling more
accurate spatial distribution of pesticide applications in farm fields
and addressing concerns about pesticide pollution on unintended
surfaces due to drift. Furthermore, this study establishes a founda-
tion for potential future applications involving a combination of an
LIG collection device, LIG sensor, and portable electrochemical
unit. For instance, this sensor system could be adapted for collect-
ing human urine samples in smart toilets, enabling point-of-care
detection of key markers like creatinine and albumin,*® uric acid,”*
or even glucose.”” These biomarkers play pivotal roles as indicators
of various organ diseases, enhancing early disease detection
and healthcare monitoring. Another application lies in deploy-
ing the collection device to potential contamination sources
such as field runoffs (e.g., tile drainage lines or streams
adjacent to farm fields) where glyphosate,®*°® dicamba,’* or
other pesticides accumulate post-application on crops. Simi-
larly, the ‘“collect-and-sense” system could be employed to
monitor heavy metals®>® or plant nutrients,””°® offering real-
time testing capabilities for solutions of soil or water.

4. Experimental section

4.1 Materials and reagents

Phosphate buffer saline tablets, glutaraldehyde (25%), flavin ade-
nine dinucleotide, sodium chloride, potassium chloride, potassium
hexacyanoferrate(n) trihydrate, potassium ferricyanide, perchloric
acid (70%), chloroplatinic acid (8%), and analytical grade glypho-
sate were purchased from Sigma Aldrich (SA). Glycine oxidase was
prepared by collaborators at the U.S. Naval Research Laboratory
and shipped to our lab at Iowa State University. Glyphosate and
glutaraldehyde solutions were prepared in PBS pH 7.4. Kapton
polyimide sheets (0.125 pm thick) were purchased from McMaster-
Carr. Abundit Edge herbicide from Corteva Agriscience (CA) was
mixed with water (32 ounce/acre herbicide per 15 GPA water).

4.2 Fabrication and characterization of LIG replica leaf and
enzymatic sensors

The LIG replica leaf and glyphosate sensor were created on
Kapton polyimide film that was taped to an aluminum plate,
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cleaned with isopropyl alcohol, and placed on the bed of a 75 W
CO, (Epilog Fusion M2) laser. A defocus of 2 mm was used
alongside laser settings of 15% speed, 7% power, 50% fre-
quency, and 1200 dots per inch (DPI) was used to create the LIG
collection patch. The 3-electrode LIG used similar laser set-
tings, except for the laser speed which decreased to 7%. The
laser converted the polyimide into a 3-electrode LIG design with
a 3 mm diameter working electrode as shown in Fig. 1. The LIG
fern leaf used 7° wedge tracks or pinnules that converged to a
central stem and was designed in CorelDRAW (Fig. 1). Acrylic
polish was used across the stern of the electrodes to maintain a
constant working area. Ag paste was applied to the right-most
LIG electrode to create the reference electrode (Fig. 1). The
3-electrode sensor was placed on a hot plate and cured at 100 °C
for 10 minutes. A 3-electrode cell, with an Ag/AgCl (0.1 M KCl),
platinum counter wire, and connection to the LIG working
electrode, was applied with a step function in perchloric acid
(0.1 M) and chloroplatinic acid (5 mM) at —0.5 V for 30 seconds
to deposit PtNPs on the surface of the LIG working and counter
electrodes. This platinum deposition process was repeated 4
times for the LIG biosensor.

4.3 Water collection experiments

Water collection experiments were performed by using a com-
mercial humidifier (Honeywell Ultrasonic) to expose the LIG
replica leaf, ostrich fern leaf, and polyimide control leaf to
deionized (DI) water in the form of cool mist at an air flow rate
of 5.55 mL min~" and at a distance of 10 cm from the samples.
Water collected fell into a 100 mL beaker to observe and
calculate water collection rates.

4.4 Functionalization of enzymatic sensors

Glycine oxidase (190 uM in 10x PBS pH 7.4), glutaraldehyde
(0.25%), and flavin adenine dinucleotide (FAD) (2 nM in 10x
PBS pH 8.4) were mixed in equal volume ratios. The solution
was drop-coated onto a Petri dish where it was mixed via pipette
mixing for 20 cycles. An aliquot of 3 pL of this solution was then
pipetted onto the working electrode and allowed to dry in air
for approximately 30 minutes. Sensors were stored at 8 °C
overnight and were not removed until tested.

4.5 Development of portable amperometry device

An analog front-end board (LMP91000) and microcontroller
(MCU) were purchased from Texas Instruments. Firmware and
the graphical user interface (GUI) of AMI were developed by
Dr Nathan Neihart, professor of electrical engineering at Iowa
State University.

4.6 Electrochemical analysis

A CH Instruments potentiostat was used for all sensor calibra-
tion electrochemical measurements. The developed AMI, which
utilized the programmable analog front-end board and MCU as
previously mentioned, was used in parallel to a CH Instruments
potentiostat for all other measurements. For PtNPs deposited
onto the working electrode, a commercial counter wire and
Ag/AgCl reference (0.1 M KCI) purchased from CH Instruments
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was utilized to assist in this process. All other electrochemical
measurements used the 3-electrode LIG design that was
described previously. Electrochemical sensing with the com-
pleted LIG biosensor was performed in 5 mL of the PBS pH 7.4
solution with an applied potential of +0.6 V at a stir rate of
150 rpm. Amperometry was used to measure the current from
the glyphosate oxidation. Results were reported as the change
in current between each plateau of glyphosate addition and the
recorded baseline before the additions.

4.7 Glyphosate collection and detection

LIG collection patches were created and sprayed with solutions
prepared from the SA glyphosate salt. We first tested 5 LIG
devices by spraying 4.7 mL of 5 mM glyphosate onto the LIG
and letting them dry for 24-48 hours. The reasoning behind
this was to imitate what happens when a pesticide is sprayed
in a field, where farmers and agricultural workers must wait
24-48 hours before entering a pesticide sprayed field, i.e., the
REI, so the pesticide can dry. After 24-48 hours we collected a
solution from each patch to test with our calibrated sensors.
We placed 10 collection devices outside to observe how envir-
onmental conditions impact the glyphosate collection process.
We collected 5 devices after a 1-week period. During this time,
the average high temperature was 60.1°F, average low tempera-
ture of 34.9°F and total precipitation of 0.01 inches of precipi-
tation. We collected the remaining 5 devices after another
week, making a total of 2 weeks for this experiment. During
the 2-weeks, the average high temperature was 62.3°F, average
low temperature of 38.2°F and total precipitation of 0.04 inches
of precipitation. The LIG collection patch was rinsed with
10 mL of PBS to solubilize the pesticide for subsequent testing.
This rinsing of pesticide from the LIG collection patch is
visualized in Movie 2 (ESIt) where fluorescent dye is added
to the solution for visualization (ESIt). The glyphosate sensors
(n = 4) were placed in a beaker containing 10 mL of fresh PBS
and 100 pL of the collected solutions were pipetted into the
beaker to measure the electrical current response in the cell
using the developed AMI. After obtaining the detectable current
from each solution, the linear regression equations from the
previous calibrations were used to determine the concentration
of the solutions in each beaker to obtain the recovery data.

4.8 Data/statistical analysis

The study was carried out in a completely randomized design
with at least four replicates, and the results were reported as
mean =+ standard deviation. Data was collected with both the
CH Instruments potentiostat and the custom built potentiostat
(i.e., the AMI). Data was saved either directly as a.csv file or a
text file and converted to a.csv file. For sensor calibration
studies, experiments were performed with n = 8 sensors. For
glyphosate collection studies, n = 5 collection devices with n = 4
sensors per device were performed. Regression analysis was
performed to determine the linear sensing range and the
functional correspondence between the concentration of gly-
phosate and the current signal at a level of significance of 5%
(¢ = 0.05). JMP Pro v.17 statistical software (SAS Institute,
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Cary, NC, USA) was used to perform the regression analysis.
The limit of detection was calculated according to the 3-Sigma
method.”
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