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The widespread use of herbicides in agriculture and gardening causes environmental and safety issues such as
water pollution. Thus, efficient and convenient analysis of the levels of herbicide residues is of significant
importance. Here, we employed 3D-printing to design a multiplex immunosensor for simultaneous detection of
two widely used herbicides, atrazine and acetochlor. Multiplexing was achieved through customization of a
lateral flow immunoassay, and then integrated with an electrochemical analyzer for ultrasensitive detection.
Quantification of herbicide residues was realized through the detection of a novel nanomaterial label, the
mesoporous core-shell palladium@platium nanoparticle (Pd@Pt NP), for its outstanding peroxidase-like prop-
erty. During the electrochemical analysis, the catalytic activity of PdA@Pt NPs on the redox reaction between
thionin acetate and hydrogen peroxide provided an electrochemically driven signal that accurately indicated the
level of herbicide residues. Using this Nanomaterial-enhanced multiplex electrochemical immunosensing
(NEMEIS) system, simultaneous detection of atrazine and acetochlor was realized with a limit of detection of
0.24 ppb and 3.2 ppb, respectively. To further evaluate the feasibility, the optimized NEMEIS was employed for
detection in atrazine and acetochlor residue-containing spiked samples, and an overall recovery with 90.8% —
117% range was obtained. The NEMEIS constructed with the aid of 3D-printing provides a rapid, precise,
economical, and portable detection device for herbicides, and its success suggests potential broad applications in
chemical analysis, biosensors and point-of-care monitoring.

1. Introduction

Atrazine and acetochlor are among the most widely used herbicides
worldwide (Liu et al., 2017; Sousa et al., 2018). Although atrazine,
which belongs to triazine group, has been banned in a few countries due
to safety issues, its resulting residues in the environment, e.g., ground-
water, are still among the highest levels compared to residues of other
herbicides (Hvezdova et al., 2018). Acetochlor which belongs to the
group of chloroacetanilide is now strictly restricted for use because of its
potential harm as a human carcinogen and its influence on fish and other
aquatic animals (Arregui et al., 2010; Xie et al., 2019). Therefore, pre-
cise and efficient detection of these herbicide residues is a serious
environmental concern.

Current techniques to detect atrazine, acetochlor, and other herbi-
cides with relatively small molecular sizes rely on expensive analytical
facilities such as gas chromatography (GC) and high-performance liquid
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chromatography (HPLC) in laboratorial environments. Although they
allow very sensitive and selective detection, these facilities have limited
use for point-of-care and rapid detection at low cost. Thus, efforts have
been made to develop alternative approaches that embrace onsite
detection formats while maintaining quality detection performance
standards (Mehrotra, 2016). Typical examples of these approaches are
biosensors based on signal enhancement through the use of natural
bio-recognition (Liu et al., 2016). For instance, some take advantage of
complementary nucleic acid probes (Du and Dong, 2017; Jayanthi et al.,
2017) and immunoassay methods, through which high selectivity can be
achieved (Shu and Tang, 2017; Skladal, 1997; Zou et al., 2010). Among
these approaches is the paper-based lateral flow immunoassay (LFIA) as
this technology proves to be economical, portable and easy to handle
even for untrained persons (Sajid et al., 2015; Zhang and Liu, 2016). The
LFIA technology has been widely used in point-of-care (POC) devices to
qualitatively — detect the existence of analytes, including
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Scheme 1. Nanomaterial-enhanced multiplexed electrochemical immunosensing system (NEMEIS).

organophosphorus compounds, pathogens, and glucose (Tang et al.,
2000; Zhou et al., 2018). Certain LFIA approaches, like those used for
detecting HIV, have been commercialized validating the reliability of
the approach. However, LFIA applications remain limited due to the
inherent defect of lacking the ability for ultrasensitive and quantitative
readouts (Mudanyali et al., 2012; Pai et al., 2007). Thus, further
improvement in LFIA technology is necessary.

To improve the sensitivity of LFIA-based detection, various bio-
sensing platforms such as electrochemical, optical, and mass-based
detection platforms, have been studied to be integrated with LFIA
(Kumar et al., 2018; Mahato et al., 2017). In particular, electrochemical
analysis has been widely employed to detect analytes quantitatively
with outstanding sensitivity (Cesarino et al., 2012; Du et al, 2010, 2011;
Sahin and Kaya, 2019; Taleat et al., 2014). An electrochemical analyzer
uses conductive electrodes to evaluate the electrical information in so-
lution to determine the total amount of analyte. The sensitivity of
detection largely depends on the electrochemical scanning methods, the
chemical mechanism of reactions, and detecting platforms (Madur-
aiveeran et al., 2018). One design strategy is to directly fabricate elec-
trodes using manufacturing techniques such as inkjet-printing on a
paper-based platform; another is to re-disperse the part of electro-
chemically active indicators in solution after the LFIA process, thereby
allowing the electrochemical assessment (Mettakoonpitak et al., 2016).
However, both strategies require additional manufacturing or transfer
steps that can result in inferior reproducibility and reliability, limiting
ultrasensitive diagnosis and assessment.

Overcoming LFIA-related challenges requires a properly designed
platform to efficiently integrate LFIA strips with electrochemical ana-
lyzers. With this goal in mind, we employed emerging 3D-printing
technology with flexible, customized, economical and rapid prototyp-
ing capability. 3D-printing has attracted significant attention over the
past decades in materials manufacturing and analytical chemistry (Gross
et al., 2017; Ho et al., 2018; Mao et al., 2017; Rim et al., 2016); it has
enabled fabrication for many biosensor applications from the nanoscale

to macroscale (Ambrosi and Pumera, 2016; An et al., 2015; Sharafeldin
et al., 2018; Zhang et al., 2016), and significant progress has been re-
ported for portable POC biosensing and medical devices (Ruan et al.,
2020; Sharafeldin et al., 2018). A typical trend is to use 3D-printed
smartphone-based colorimetric devices that use a camera and corre-
sponding software to analyze colorimetric information for
enzyme-linked immunosorbent assay (ELISA). This type of approach
exhibits improved portability and economy, and similar sensitivity to
that of conventional analytical techniques (Cevenini et al., 2016; Choi
et al., 2016; Dou et al., 2016; Ji et al., 2017; Roda et al., 2014; Wang
et al., 2017).

However, natural enzymes have significant applications in indus-
trial, medical, and biological arenas due to high substrate selectivity and
catalytical efficiency, while intrinsic drawbacks including low stability
and activity under harsh conditions, high cost of preparation, purifica-
tion and storage, and low reusability, have promoted exploration on the
use of artificial enzymic mimicking materials (Wang et al., 2018).
Progress has been achieved in the use of various nanomaterials
including precious metal-based materials such as Pt, Pd, and Au nano-
particles and their bi/trimetallic composites, non-precious metal-based
nanomaterials such as Fe30Q4, CeO;, MnO,, MOFs, and ZIFs, and
carbon/graphene-based nanomaterials (Huang et al., 2019; Niu et al.,
2020). Pt-Pd bimetallic nanoparticles are an attractive class featuring
superior peroxidase mimicking properties due to bimetallic synergy and
a mesoporous core-shell structure, which provides large surface area
with abundant active sites, as well as excellent chemical stability and
good dispersibility in a water matrix (Hossain and Park, 2014; Jiang
et al., 2016; Yuan et al., 2014). Moreover these materials have been
shown by our group to be stable over broad 1-11 pH and 4-90 °C
temperature range (Jiang et al., 2016).

In this paper we report on the use of 3D printing techniques applied
to fabrication of a high-performance multiplex biosensor to detect her-
bicide residues. Our biosensor as depicted in Scheme 1 combines the
advantages of the LFIA and electrochemical analysis, i.e.: i) the
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Scheme 2. Principle of NEMEIS: (from left to right) the fabrication of bifurcated immunochromatographic strips; the multiplex competitive lateral flow immu-

noassay (LFIA) and the electrochemical quantification of targets.

capability of portable economical onsite rapid detection; and ii) ultra-
sensitive quantification of herbicide residues. Mesoporous core-shell
palladium@platinum nanoparticles (Pd@Pt NPs) which have superior
catalytic activity are used as an antibody label to enhance the bio-
recognition process and as an electrochemically active indicator for the
quantitative assessment of herbicide residues (Kurbanoglu et al., 2017;
Zhao et al., 2018). The 3D-printed device provides a stable and reliable
system that can combine the LFIA technology with an electrochemical
analyzer to reduce detection error generated from colorimetric based
readouts. Results for use of this nanomaterial-enhanced multiplex
electrochemical immunosensing (NEMEIS) system when applied to
detect atrazine and acetochlor will be presented. We will discuss the
advantages of the NEMEIS as a promising versatile technique and an
alternative to laboratory-based facilities for extending applications to
other ultrasensitive analyses in a portable format for onsite environ-
mental and bedside health monitoring and disease diagnosis.

2. Experimental section
2.1. Materials

Atrazine (CgH;4CIN5s), acetochlor (C;4H20CINO2), Tween-20, Plur-
onic F-127, 3,3,5,5'-tetramethylbenzidine (TMB) liquid substrate sys-
tem (peroxidase substrate), bovine serum albumin (BSA), thionin
acetate (C12HgN3S-CoH405), sodium tetrachloropalladate(II)
(NayPdCly), L-ascorbic acid, sucrose, and potassium carbonate (KoCO3)
were purchased from Sigma-Aldrich (St. Louis, MO, USA). Atrazine
antigen (atrazine-BSA) and atrazine monoclonal antibody were pur-
chased from MyBioSource Inc. (San Diego, CA, USA). Acetochlor antigen
(acetochlor-BSA) and acetochlor monoclonal antibody were purchased
from Creative Diagnostics (Shirley, NY, USA). Goat-anti-mouse IgG
antibody, hydrogen peroxide, and potassium tetrachloroplatinate(II)
(Ko[PtCly4]) were purchased from Thermal Fisher Scientific Inc. (Wal-
tham, MA, USA). Phosphate buffered saline (0.01 M, 1 x PBS, pH 7.4)
was purchased from RICCA Chemical Company (Arlington, TX, USA).
Hydrochloric acid, LFIA membrane cards, glass fiber conjugate pad

sheets and fiber absorbent pads were purchased from Millipore Sigma
(Burlington, MA, USA). Screen-printed electrodes (ET077-40) were
purchased from eDAQ Inc. (Colorado Springs, CO, USA).

2.2. Designing and printing accessory devices utilizing 3D-printing

A fused deposition modeling (FDM) based 3D printer, Einstart-S
(Shining 3D technology Inc. San Francisco, CA, USA), was employed
to fabricate the accessory devices using a polylactic acid filament. The
FDM 3D printing technique was employed because it is widely accepted
as the simplest way to achieve 3D printing with high efficiency and
reliability at relatively low cost compared to other techniques like
stereolithography and inkjet printing (Ruan et al., 2020). The CAD file of
the device was produced through SolidWorks (Dassault Systemes Sol-
idWorks Corporation, Waltham, MA, USA). Detailed design drawings
are shown in Fig. S1 showing the device comprised of a strip cutter, a
strip holder, and an electrode holder with two built-in reaction cells,
with an overall size of 80 mm x 50 mm x 15 mm.

2.3. Preparation and characterization of PA@Pt NPs

Pd@Pt NPs were fabricated using previously reported approaches
with modifications (Cheng et al., 2017; Zhu et al., 2015). First, a solution
mixture made by combining 3.6 mL of 20 mM potassium tetra-
chloroplatinate(II), 0.4 mL of 20 mM sodium tetrachloropalladate(II),
4 mL of 100 mM L-ascorbic acid, 88 pL of 6 mol/L hydrochloric acid, and
20 mg of Pluronic F-127 was heated to 35°C and exposed to ultrasonic
treatment for 4 h in an ultrasonic cleaner (Ultrasonics Direct, Pontiac
MI, USA). This results in the synthesis of PdA@Pt NPs product which was
then centrifuged at 12,000 rpm for 8 min, followed by washing with
acetone for 3 times and then with water for 3 times. Finally, the Pd@Pt
NPs were dispersed in 5 mL of water. Transmission electron microscope
(TEM) images were captured with a Technai G2 20 Twin instrument
with a 200 KV LaB6 electron source. Scanning electron microscopy
(SEM) images were obtained with an FEI Quanta 200F instrument.
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Fig. 1. SEM image (A); TEM images (B-D) of Pd@Pt NPs. And peroxidase-like activity of Pd@Pt NPs: the electrochemical results from CV curves (E) for the redox of
1 mM thionin acetate and 50 mM hydrogen peroxide with and without the existence of 10 pL of 1 mg/mL Pd@Pt NPs. And the DPV curves (F) generated from the
same substrate of (E) after incubation with 10 pL of 10 ng/mL, 0.1 pg/mL, 1 pg/mL, 10 pg/mL, 0.1 mg/mL, and 1 mg/mL of PA@Pt NPs, respectively. The
colorimetric assay depicted in the inset of (F) provides visual validation of the catalytic property of Pd@Pt NPs for the oxidation of TMB as the solution becomes blue
when TMB is oxidized: 1) Control; 2) Pd@Pt NPs added. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of

this article.)

2.4. Preparation of antibody-Pd@Pt NP conjugates

The antibody-nanoparticle conjugates were fabricated through
electrostatic adsorption using a previously reported approach (Zhu
etal., 2015). The suspension liquid of the prepared Pd@Pt NPs is divided
into two parts, followed by adjusting pH to A) 8.20-8.25 and B)
8.10-8.15 by adding potassium carbonate (0.02 mol/L). Then, 10 pL of
0.5 mg/mL atrazine monoclonal antibody and 10 pL of 0.5 mg/mL
acetochlor monoclonal antibody were added into A and B, respectively,
followed by continuous mixing at room temperature on a 3D rotator
(Lab-line BioSurplus, San Diego, CA, USA) for 1 h. Then 10.0% BSA was
added to each of A and B and incubated at room temperature for 30 min
in an Analog Incubator (Quincy Lab, Chicago, IL, USA). Finally, the
conjugates were centrifuged at 12,000 rpm for 8 min, washed 5 times
with 0.01 M (pH 7.4) phosphate buffered saline containing 1.0% BSA,
and re-suspended in 200 pL of 0.01 M (pH 7.4) phosphate buffered saline
containing 2.0% BSA and 3.0% sucrose. Herein, the resulting conjugates
are referred to as Ab-Pd@Pt NPs. Successful conjugation was validated
using zeta potential analysis on a Zetasizer Nano ZS (Malvern In-
struments, Inc., Westborough, MA) with results presented in the sup-
porting information (Figure S3). The zeta potential of Pd@Pt NPs
reduces from -34.7 mV to -16.8 mV and -15.6 mV after conjugation with
anti-atrazine and anti-acetochlor antibody, respectively. The Ab-Pd@Pt
NPs form by passive absorption through electrostatic interactions at a
pH slightly higher than the isoelectric point of each antibody; thus, the
negatively charged NPs will tightly bind to positively charged groups
associated with an antibody macromolecule.

2.5. Preparation of bifurcated immunochromatographic test strips

Each LFIA strip was composed of a sample pad, a conjugate pad, a
nitrocellulose membrane, and an absorbent pad on an adhesive polyvi-
nyl chloride backing card. The bifurcated LFIA strips illustrated in
Scheme 2 consist of two 12 mm x 4 mm absorbent pads, two
25 mm x 4 mm nitrocellulose membranes, two 10 mm x 4 mm conju-
gate pads and a shared 25 mm x 9 mm triangle sample pad. Strips were
cut and shaped with the use of a CM4000 guillotine cutter (BioDot,
Irvine, CA, USA). Each conjugate pad underwent preparation by infil-
tration of BSA and sucrose solution followed by drying overnight before
use. The infiltration treatment details were determined as part of this
study; it will be discussed in the LFIA optimization section. The control
lines on both channels were created by dispensing 1 mg/mL goat-anti-
mouse IgG antibody (using an XYZ3050 dispenser platform (BioDot,
Irvine, CA, USA). The test lines were created by dispensing 1 mg/mL
antigen, either atrazine-BSA for one side of the strip or acetochlor-BSA
for the other side. The dispensed strips were then dried overnight at
room temperature. Finally, 2.5 pL of each of the respective types of the
synthesized Ab-Pd@Pt NPs were coated onto the conjugate pad to
complete the preparation of the LFIA strips before use.

2.6. Competitive lateral flow immunoassay procedure

To test the system, the bifurcated immunochromatographic test strip
is placed in the strip holder as presented in Schemes 1 and 2 in the
NEMEIS device, and 200 pL of herbicide solution is applied onto the
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sample pad. The sample solution migrates toward the absorbent pads of
the bifurcated channels driven by the capillary forces. A time frame of
10 min is allowed for the LFIA to complete, and a dark color is observed
on the test lines and control lines, indicating the successful capture of
Ab-Pd@Pt NPs. While the visual observation of the dark NPs associated
test or control lines may be used for qualitative recognition of herbicide
at this point, the quantitative amount of retained Ab-Pd@Pt NPs on the
test lines is assessed through the electrochemical assay described in the
next section.

2.7. Electrochemical assay procedure to determine the concentrations of
each herbicide

The amount of Ab-Pd@Pt NPs on the test lines can be determined
through their overall catalytic activity on the redox reaction between
thionin acetate and hydrogen peroxide. First, test line sections of the
LFIA strips are snipped by the cutter protruding from the lever arm and
dropped into the O-ring sealed reaction cells located immediately
beneath them (Scheme 1). Before covering and sealing, the cells con-
taining screen-printed electrodes at the bottom receive an 80 pL liquid
drop comprised of 1 mM thionin acetate and 50 mM hydrogen peroxide.
After the incubation for 2 min, the corresponding redox reaction is
monitored by differential pulse voltammetry (DPV) scanning from -0.1
to -0.7 V, with a scanning amplitude of 0.02 V and pulse width of 0.05 s,
using a CHI1030A multi-potentiostat (CH Instruments, Austin, TX).

3. Results and discussion
3.1. Principle of multiplex competitive lateral flow immunoassay

As anticipated and illustrated in Scheme 2, when a 200 pL sample
containing abundant atrazine and acetochlor on the order of 10 ppb
herbicide was dropped on the sample pad, liquid flowed toward the
absorbent pad through the capillary forces. The herbicides, atrazine and
acetochlor, were successfully captured by corresponding Ab-Pd@Pt NPs
loaded on the conjugate pads as evidenced that the Ab-Pd@Pt NPs were
unable to be captured by the test lines where corresponding haptens
were immobilized; however, they were captured by goat-anti-mouse

antibody at the control lines as resulted in the black control line
(Scheme 2B, Positive). Alternatively, when no herbicide is present in the
sample solution, Ab-Pd@Pt NPs were captured by the immobilized BSA-
herbicide at the test line; therefore, the black test lines appeared as
shown in Scheme 2A (Negative). Given that only free Ab-Pd@Pt NPs are
captured and retained on the test lines as a result of the competitive
reaction, the amount of Ab-Pd@Pt NPs on the test lines is inversely
dependent on the concentration of herbicide residues in the sample so-
lution. The entire competitive LFIA process takes about 10 min. This will
be verified quantitatively in Section 3.5.

3.2. Characterization of Pd@Pt NPs

The microstructure of the synthesized Pd@Pt NPs was characterized
through SEM and TEM (Fig. 1A-D). The Pd@Pt NPs present mesoporous
core-shell structures with an average particle size of ~50 nm. The cat-
alytic activity of Pd@Pt NPs as reported in previous work reported from
our labs (Fu et al., 2016; Zhao et al., 2018) was re-validated here
through colorimetric and electrochemical assays: i) A colorimetric assay
was conducted, with the results presented in Fig. 1F (Insets 1&2). 2.5 pL
of PA@Pt NPs at a concentration of 1 mg/mL was added into 200 pL of
commercial TMB and hydrogen peroxidase mix substrate; blue color was
produced through the oxidation of TMB. The peroxidase-like activity of
Pd@Pt NPs induces the generation of hydroxyl radicals from hydrogen
peroxidase, and these radicals then oxidize the TMB substrate and pro-
duce the diimine oxidation product having a blue color; ii) An electro-
chemical assay was conducted to validate the catalytic property of
Pd@Pt NPs for the redox reaction of thionin acetate and hydrogen
peroxidase. The cyclic voltammetry (CV) and differential pulse vol-
tammetry (DPV) curves are presented in Fig. 1E&F, both of which show
increased reduction peaks with the adding of Pd@Pt NPs, as the result of
more thionineyy generated under the catalysis of Pd@Pt NPs.

3.3. Principle of the nanomaterial-enhanced multiplex electrochemical
immunosensing system

Ab-Pd@Pt NPs loaded test lines of the bifurcated LFIA strips were
snipped and dropped into the electrochemical reaction cells above the
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SPEs in the device. In the electrochemical reaction cell, the PdA@Pt NPs
with high peroxidase-like catalytic activity served as the indicator of the
total load of Ab-Pd@Pt NPs retained in the test lines (Choi et al., 2020;
Du et al., 2011). As stated earlier the Pd@Pt NPs catalyze the oxidation
of thionine in the existence of hydrogen peroxidase, raising the con-
centration of thionineyy, which induces an electrochemical reduction
peak expressed in CV and DPV curves. The peak current signal values of
the DPV curves correspond to the strength of the catalytic effect and are
negatively correlated with the concentrations of herbicides in the sam-
ple. Thus, with the completion of a competitive immunoassay followed
by an electrochemical analysis, the concentrations of atrazine and ace-
tochlor are deduced based on the load of Pd@Pt NPs on each test line of
LFIA strips. The amounts are quantitatively evaluated from calibration
curves based on the peak current signals from corresponding DPV curves
as will be described below.

3.4. Optimization of the detection system

To achieve the best detection performance of the bifurcated immu-
nochromatographic test strips, two crucial parameters were optimized:
the pre-treatment steps for the conjugate pads; and the concentration of
Ab-Pd@Pt NPs loaded onto the pads. Porous glass fiber pads, with an
average cross-sectional diameter of 7.5 pm and a thickness of 0.41 mm
were used as the reservoir for the labeled antibody complex with low
nonspecific adsorption and good uniformity. The preparation proced-
ures for the conjugate pads should be optimized to allow the optimal
delivery of the complex to the capture line (test line) on the NC mem-
brane. The conjugate pads were undergone the infiltration treatment
with five solutions: 2% BSA; 4% BSA; 2% sucrose; 2% BSA + 2% sucrose;
and 2% BSA + 2% sucrose + 0.3% Tween-20: i) As presented in Fig. 2,
the optimal pre-treatment of the conjugate pads for the anti-atrazine
antibody complex ([anti-atrazine] Ab-Pd@Pt NPs) was found, when
using 0.01 ppb of atrazine and acetochlor test solutions, to be the 2%
BSA + 2% sucrose solution. This is supported by the fact that test lines
are darker (Fig. 2A) and more importantly DPV peaks are statistically
largest for this solution, i.e. 8.7% higher than the next best 2% BSA + 2%
sucrose + 0.3% Tween-20 solution indicating more abundant capture of
the antibody complex (Fig. 2B). ii) The optimal pre-treatment of the
conjugate pads for the anti-acetochlor antibody complex ([anti-aceto-
chlor]-Ab-Pd@Pt NP) was found to be the 2% BSA + 2% sucrose + 0.3%

Tween-20 solution. This is supported by the fact that again test lines are
darker (Fig. 2C) and in this case, the DPV peaks are statistically larger by
34% in contrast to those for the next best 2% BSA + 2% sucrose indi-
cating more abundant capture (Fig. 2D). More importantly, these results
infer that the respective optimal pre-treatments result in lower
nonspecific adsorption of the Ab-Pd@Pt NPs within the conjugate pad
and better delivery of complexes to the herbicide-BSA test line area.
Of equal importance is the optimization of the concentration of Ab-
Pd@Pt NPs loaded on the conjugate pads. An excessive concentration of
Ab-Pd@Pt NPs can increase background noise, thereby limiting the
sensitivity. Meanwhile too low of a concentration can result in signals so
weak that increases in Ab-Pd@Pt binding are indiscernible over controls
or that one cannot discern the differences between herbicide concen-
trations. Therefore, a series of concentrations of 0.2, 0.4, 0.6, 0.8 and
1.0 mg/mL of the Ab-Pd@Pt NPs (2.5 pL) were loaded onto the conju-
gate pads and optimums were determined for each herbicide. Relative
test lines were evaluated for two concentrations, 0.01 ppb and 1 ppm, to
assess both signal strength and background noise for each assay group.
In Fig. 3B, the electrochemical results for samples containing 0.01 ppb
atrazine and 0.01 ppb acetochlor showed a statistically significant in-
crease in signal strength at a concentration of 0.6 mg/mL Ab-Pd@Pt NPs
with a 716% increase than that of the 0.4 mg/mL concentration; how-
ever, there was no significant change in signal strength thereafter. Also,
as indicated in Fig. 3A, the maximum contrast occurs here indicating the
lowest background noise. It is important to view these results in contrast
to the LFIA images for the 1 ppm atrazine. For the 0.6 mg/mL Ab-Pd@Pt
NPs, signals of the test lines at the 1 ppm concentration are indiscernible
visually; therefore, the assay can be used for accurate measurements
between the 0.01 ppb to 1 ppm range. At 0.8 and 1 mg/mL Ab-Pd@Pt
NPs levels, however, the differences between the 0.01 ppb and 1 ppm
became less distinct; this indicated that an overabundance of Ab com-
plex resulted in significant binding at the test line in spite of two orders
of magnitude difference in concentration of herbicide that makes the
assay unreliable over this range. Applying the same methodology to
Fig. 3C&D to optimize the concentration of [anti-acetochlor] Ab-Pd@Pt
NPs, a significant 35% increase appeared in signal strength between 0.6
and 0.8 mg/mL; however, there was an insignificant change thereafter
for the 1 mg/mL concentration. While there was still a fairly sharp
contrast between the 0.01 ppb and 1 ppm acetochlor concentrations at
the 1 mg/mL Ab-Pd@Pt NPs concentration, there is no need to use the
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Fig. 4. The standard curves for the detection of atrazine (left) and acetochlor (right) using NEMEIS.

additional conjugate especially at the risk of losing sensitivity.

3.5. Assessing the performance for the detection of atrazine and
acetochlor

The performance of the optimized NMEIS was assessed for detecting
samples of various concentrations of atrazine and acetochlor. As pre-
sented in Fig. 4, there were linear relationships between the peak cur-
rent signals and the concentrations of atrazine and acetochlor. A linear
range of the detection for atrazine was obtained from 0.1 to 500 ppb
with a relationship of I = -3.77 log (Catr [ppb]) + 31.7 where I is the
peak current value, with R = 0.998; and a linear detection range for
acetochlor was obtained from 1 to 1000 ppb with a relationship of I =
-5.89 log (Cace [ppbl) + 36.7 with R? = 0.993. In reality we want to use
the system to report ppb values as a function of peak currents. Therefore
the equations would need to be rewritten for atrazine to be Ca.[ppb] =

*%/103L7-1 and for acetochlor to be Cac[ppb] = V103671, Based on a

signal-to-noise ratio of three standard deviations, i.e., S/N = 3, the limits
of detection (LODs) for atrazine and acetochlor are determined to be
0.24 and 3.2 ppb, respectively. The sensitivities of this method are better
than the ~388 ppb for atrazine reported by Liu et al. using a molecular
imprinting fluorescent assay, the 170 ppb for acetochlor reported by Tan
et al. using the GC/MS technique, and in line with the most accurate
values for atrazine of 0.1 ppb reported by Zhao et al. using an HPLC
technique and that for acetochlor of 10 ppb reported by Yu et al. using
GC/MS technologies (Liu et al., 2011; Tan et al., 2014; Yu et al., 2019;
Yuan et al., 2018; Zamaleeva et al., 2011; Zhao et al., 2015). The pro-
posed device and approach also present superior sensitivities and/or
ranges of detection compared to other immunoassay approaches and
lateral flow methods (Cheng et al., 2019; Deryabina et al., 2005; Kaur
et al., 2007; Kwon et al., 2020).

To further demonstrate the performance of NEMEIS, spiked samples
in natural water matrices were used for spike-recovery tests. The natural
water matrices were obtained from the Snake River (Clarkston, WA) and
a local well (Pullman, WA). The results are presented in Table S1 along
with non-spiked blank control data. Recoveries for the spiked atrazine
samples were between 97.0% and 109% for the river water matrix, and
between 90.8% and 101% for the well water matrix. Recoveries for the
spiked acetochlor samples were between 92.4% and 112% for the river
water matrix and between 102% and 117% for the well water matrix.
These recoveries validate the reliability of the NEMEIS assay procedure
for the herbicides of interest here and offer support for extending the
procedure for fieldable detection of a host of small molecules.

4. Conclusions
In this work, we have successfully developed a novel multiplex

immunosensor for simultaneous and rapid quantitative detection of
herbicides, with the capability of detecting atrazine and acetochlor with

LODs of 0.24 ppb and 3.2 ppb, respectively. The reliability of the
biosensor process was evaluated by accessing the efficacy of detection in
spiked samples, where data show recoveries in the 90.8-117% range.
This excellent performance in terms of LOD and recoveries is attributed
to the following aspects: i) PdA@Pt NPs have superior peroxidase-like
activity and can be synthesized and used as the signal transducer; ii)
the use of bifurcated paper-based LFIA allows rapid and multiplex
detection of two targets without apparent interferences due to the
presence of different herbicide analytes; iii) quantitative electro-
chemical analysis can be integrated with LFIA technique using a 3D-
printed housing that allows a simple cut-out step to transfer LFIA test
regions to a liquid filled chamber directly above the electrodes imbed-
ded in the housing. These features provide advantages of low cost, good
portability, and ease-of-operation. Though the proposed device only
contains two channels for simultaneously detection of just two herbi-
cides, the multiplexing may be extended easily to include more channels
with the aid of prototyping by additive manufacturing. The portability
may be further improved by employing a portable electrochemical
analyzer or smartphone-based electrochemical module. We expect the
NEMEIS, as supported by the results, to provide a promising 3D-printed
housing for bifurcated test strips and electrodes that will allow a rapid,
precise, economical, and portable detection device for herbicides.
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