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A B S T R A C T

Excessive use of herbicide and insecticide causes bioaccumulation in the environment and increases potential
toxicity for people and animals. Portable systems for rapid assays of herbicide and insecticide residues have
attracted prominent interests. Here, we developed a two-dimensional (2D) Pt–Ni(OH)2 nanosheets (NSs) am-
plified two-way lateral flow immunoassay (LFI) with a smartphone-based readout for simultaneous detection of
acetochlor and fenpropathrin. The 2D Pt–Ni(OH)2 NSs were synthesized and used as the enhanced signal label in
the immunoassay due to their high peroxidase-like activity and low migration speed. The two-way LFI was
designed to eliminate potential cross-reaction between two targets. Portable detection system was developed
based on a smartphone-based readout, which scans the LFI and provides the accurate testing result. The uni-
versal use of smartphones makes the developed platform suitable for cheap and on-site applications. Using the
integrated platform, detection of acetochlor and fenpropathrin simultaneously was successfully achieved with
the detection limits of 0.63 ng/mL and 0.24 ng/mL, respectively. To confirm the performance of the on-site
application, we detected 10 non-spiked samples and 3 spiked samples. The obtained detection results were
consistent with the data from gas chromatography analysis. The estimated recoveries ranged from 97.12% to
111.46%, indicating the practical reliability of our developed assay. The developed smartphone-based platform
exhibits enhanced sensitivity, which provides a promising technique for on-site, multiplex, highly sensitive
detection of pesticides.

1. Introduction

Herbicide and insecticide are widely used in agriculture to reduce
the risk of weeds and pests. However, excessive use causes bioaccu-
mulation in the environment and increases potential toxicity for people
and animals, which has been considered as a worldwide public concern
(Liu et al., 2008; Kwon et al., 2017; Zhang et al., 2014). Thus, advanced
pesticide detection technologies are in great demanding for the survey
and control of herbicide and insecticide residues (Yan et al., 2017).
Current techniques are divided into laboratory-based instrumental
analysis methods and portable rapid detection techniques. Examples of
instrumental analyses include gas chromatography (He et al., 2015),
high performance liquid chromatography (Li et al., 2015), and mass
spectrometry (Kiljanek et al., 2016), which all suffer from expensive
cost, time-consuming, complex sample pretreatment, requirement of
highly trained personnel, and unsuitability for on-site analysis. Thus,
developing portable rapid easy-to-use technique for pesticide residue
detection has attracted prominent interests.

In recent decades, lateral flow immunoassays (LFI), a promising
portable rapid detection platform, has gained considerable attention
due to advantages such as cost-effective, easy-to-use, and rapid-re-
sponse (Ge et al., 2014; Sajid et al., 2015). Currently, LFIs for herbicide
and insecticide analysis were mostly employed gold nanoparticles
(AuNPs) as the signal label and designed as competitive format due to
their low-molecular weight (Kim et al., 2011; Lee et al. 2012, 2013).
Various LFIs have been developed to perform qualitative or semi-
quantitative screening for various herbicide and insecticide, such as
diazinon (Lee et al., 2012), chlorpyrifos (Kim et al., 2011), and O-ethyl
O-4-nitrophenyl phenylphosphonothioate (Lee et al., 2013). Current
LFIs were mainly designed to detect a single herbicide or insecticide
with a specific antibody. However, to use these reported LFIs as a
practical method for on-site application, three existing limitations must
be overcome: (i) poor multi-detection capacity; (ii) insufficient sensi-
tivity; and (iii) lack of simple, cheap and user-friendly readout system.

To realize simultaneous detection of multiple pesticides, LFIs, much
effort has been devoted to develop single strip LFTs with more test lines.
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Take the example of double targets detection, Shu et al. developed a
multiplexed LFI for detection of methyl parathion and imidacloprid
using a bifunctional antibody (Shu et al., 2017). In the work published
by Ouyang et al., (2018), an LFI with two test lines was developed for
methyl parathion and fenpropathrin detection. However, in actual op-
eration, the strategy of using two test lines on one LFT strip was ex-
tremely limited by uncertain consumption volume of nano-labels on the
front line and unexpected interference between multiple targets and
recognition molecules, which resultsg in poor analytical ability.
Therefore, a multiplex LFI without cross-reaction is urgently needed.

To enhance the sensitivity of LFIs, three general methods were
employed: (i) modifying the components of AuNP labels to enhance
detection efficiency, such as silver enhanced AuNPs (Rong-Hwa et al.,
2010), gold enhanced AuNPs (Gao et al., 2016b), silica enhanced
AuNPs (Takalkar et al., 2015), horseradish peroxidase (HRP) enhanced
AuNPs (Gao et al., 2016a), and G-quadruplex enhanced AuNPs (Cheng
et al., 2017a), which unavoidably complicated the synthesis process;
(ii) replacing AuNPs with novel labels based on different nanomaterials,
such as Pt–Pd nanoparticles (Cheng et al., 2017b; Jiang et al., 2016)
and Fe3O4 nanoparticle with 100-fold enhancement than AuNP-based
LFIs (Duan et al., 2015; Zhang et al., 2017), which were mainly focus on
their HRP-like activity; (iii) applying techniques to reducing the mi-
gration speed of signal labels in the LFI, such as membrane optimization
(He et al., 2012), flow direction change (Park et al., 2008), and shape
fabrication (Koo et al., 2013), which may bring dilemma when in-
tegrated with commercial system. These suggested that a novel LFI’
label with all superior properties of high HRP-like activity, and low
migration speed would be of great value.

A variety of readout platforms LFIs, including desktop readers and
handheld readers have been reported in recent years. Among them,
smartphone-based detection showed great potentiality in on-site ap-
plications because of the extremely broad coverage and high possession
of smartphone all over the world (Roda et al., 2016). In early studies,
mobile phones were only used to take pictures and send images to the
lab, where a specialist can analyze the response and feedback the re-
sults (Martinez et al., 2008). Most recently, some applications (apps)
were developed and pre-loaded in a smartphone, which can be applied
for simple data processing on-site (Hou et al., 2017; Mudanyali et al.,
2012; You et al. 2013, 2017). However, these apps were mostly de-
signed to detect a single target. LFI platforms that achieve multiple
target detection and generality applications are highly desired.

We herein report a smartphone-based device as the readout of a
two-way LFI for herbicide and insecticide residue detection. Acetochlor
and fenpropathrin were employed as the proof-of-concept targets in this
study due to their widespread use in agriculture. Pt nanoparticles-an-
chored two-dimensional (2D) Ni(OH)2 nanosheets (denoted as Pt–Ni
(OH)2 NSs) were synthesized and used as the signal enhanced label in
two-way LFI with several advantageous features: i) the 2D NSs usually
has a large surface area, which is beneficial for offering more catalytic
active sites (Wen et al., 2018); ii) the strong interaction and synergistic
effect between Ni(OH)2 support and Pt nanoparticles can enhance the
binding energy toward adsorption of reaction intermediates on the
surface of Pt NPs and thus promoting the catalytic performances (Xu
et al., 2015). These features are very desirable for LFI fabrication.
Subsequently, a smartphone-based LFI analysis app was developed,
which could rapidly quantify the results. This integrated strategy is
potentially a valuable method for on-site detection of herbicide and
insecticide.

2. Experimental section

2.1. Materials

Hydrogen peroxide (H2O2), 3,3′,5,5′-tetramethylbenzidine (TMB),
Tween-20, K2CO3, sucrose, methanol, phosphate buffered saline
(1× PBS, pH 7.4, 0.01M), and bovine serum albumin (BSA), urea, nickel

nitrate, poly(methyl methacrylate (PMMA), chloroplatinic acid
(H2PtCl6) were purchased from Sigma-Aldrich (St. Louis, MO, USA).
Ethylene glycol (EG, 99%) was purchased from VWr. Nickel (II) nitrate
hexahydrate (98%) was purchased from Alfa Aesar. Anti-acetochlor
monoclonal antibody, anti-fenpropathrin monoclonal antibody, semi-
antigens of acetochlor, semiantigens of fenpropathrin, and goat anti-
mouse IgG were obtained from Ditengmin Biotechnology Co., Ltd.
(Wuxi, Jiangsu, China). Nitrocellulose membranes (NC membranes),
sample pads, conjugate pads, backing cards, and absorbent pad were
purchased from Millipore (Billerica, MA, USA).

2.2. Synthesis and characterization of 2D Pt–Ni(OH)2 NSs

Pt–Ni(OH)2 NSs were obtained via a two-step microwave method. In
the first step, Ni(OH)2 NSs were synthesized via dissolving 2 g nickel
nitrate and 2 g urea in a vial containing 15mL H2O and 100mL ethy-
lene glycol. The solution was microwaved for 5min with a power of
720W. Subsequently, the products were washed with ethanol and
water for five time, and collected through freeze drying. In the second
step, the Pt–Ni(OH)2 with a Pt loading amount of 20% (denoted as Pt-
20/Ni(OH)2) were obtained by dissolving 0.05mmol H2PtCl6, 0.3 mL
PMMA, and 40mg Ni(OH)2 in a vial containing 5mL EG and 5mL H2O.
Then the mixture was microwaved for 1min with a power of 800W.
Then the products were washed with ethanol and water for several
times. Finally, after freeze drying, the Pt–Ni(OH)2 powder were ob-
tained. Pt-10/Ni(OH)2 and Pt-40/Ni(OH)2 were obtained through the
same procedures except the amounts of the H2PtCl6 used in the
synthesis were 0.025mmol and 0.1mmol, respectively.

Transmission electron microscopy (TEM) images were obtained
with a Philips CM200UT instrument. X-ray diffraction (XRD) char-
acterization was carried out by a Rigaku Miniflex 600. Energy dis-
persive spectroscopy (EDS) was carried out by a JEOL-2100F electron
microscope. The catalytic experiment was conducted by adding 50 μL of
Pt–Ni(OH)2 NSs solution,50 μL of commercial TMB and H2O2 mix so-
lution in centrifuge tubes or 96-well plates. After incubating at room
temperature for 5min, the absorbance signal was observed with a
Tecan Safire2 microplate reader (Tecan, Switzerland).

2.3. Preparation of antibody modified Pt–Ni(OH)2 NSs conjugates

Firstly, the pH value of the Pt–Ni(OH)2 NSs solution was adjusted to
8.2–8.5 using 0.02M K2CO3. Then, 5 μL of anti-acetochlor antibody
(1mg/mL) or anti-fenpropathrin antibody (1mg/mL) was added into
1mL of Pt–Ni(OH)2 NSs solution. Next, the mixture was incubated at
room temperature for 60min. After that, 10.0 wt% BSA was added to
the solution and incubated at room temperature for 30min. The re-
sulting solution was centrifuged at 10,000 rpm for 20min and washed
with 1×PBS containing 1% BSA for two times. Finally, the prepared
antibody modified Pt–Ni(OH)2 NSs conjugations were suspended in
100 μL of 1× PBS buffer containing 2% BSA and 3% sucrose.

2.4. Preparation of two-way lateral flow strip

The two-way LFI consisted of the following components: one sample
pad, two test channels for detecting acetochlor or fenpropathrin re-
spectively, and a backing substrate. Each test channel has a NC mem-
brane, an absorbent pad, and a test line. The test lines (1 μL/cm) were
prepared by dispensing 30 μL of semiantigens of acetochlor or fenpro-
pathrin on the NC membrane (25mm×30 cm) using a BioDot BioJet
BJQ 3000 dispenser (Irvine, CA). Control lines (1 μL/cm) were prepared
by dispensing 30 μL of goat anti-mouse IgG on the same NC membranes
to maintain a 1 cm gap with test lines. The prepared NC membranes
were then dried overnight at 37 °C and stored at 4 °C. The absorbent pad
was assembled on backing (60mm×30 cm) with an overlap between
them of approximately 1–2mm to ensure that the solution could mi-
grate through the biosensor. The two channels of the LFI with
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individual test lines were assembled together by sharing the same
sample pad. Assembled two-way LFIs were cut at a width of 4mm using
a Bio-Dot Paper Cutter module CM4000 (Irvine, CA).

2.5. Detection of herbicides and insecticides

In a typical test, 100 μL of diluted samples with the desired amount
of targets were applied to the sample pad and migrated by capillary
action. Then, the presence of acetochlor and fenpropathrin in the
samples was semi-quantified by visual observation of the test line color
changes after 13min. For quantitative measurements, a smartphone
(Oppo R9) with a 16-megapixel camera was used. The self-developed
analysis app, named Strip Scan, was employed, which can provide
readout of the results (unit: ng/mL) within 10min.

2.6. Pretreatment of spiked samples

All samples except drinking water sample were purchased from
Qinghe farmer market (Beijing, China). Drinking water sample was
obtained from the community taps (Beijing, China). For spiked corn,
apple, and cabbage samples, 1.0 g of target-free samples was homo-
genized to a free-flowing puree in a blender and then mixed with de-
sired amounts of methanol dissolved acetochlor and fenpropathrin for
another 2min to ensure homogenization. Then, 10mL of 1×PBS
containing 0.05% Tween-20 and 10% methanol were used as the elu-
tion solution to extract the spiked targets. After vortex stirring for
3min, the mixture containing acetochlor and fenpropathrin was cen-
trifuged at 10,000 rpm for 10min. Finally, the supernatant was diluted
to the desired volume.

3. Results and discussion

3.1. Principle of two-way LFI

The basic principle of the two-way LFI for detection of acetochlor
and fenpropathrin was illustrated in Scheme 1. Briefly, were im-
mobilized on the test lines on each test channel, respectively. The
secondary antibody, goat anti-mouse IgG, was immobilized on the
corresponding control lines. Anti-acetochlor antibody and anti-fenpro-
pathrin antibody were firstly modified with Pt–Ni(OH)2 NSs and then
dispensed on two conjugate pads, respectively. For detection, the
sample solution was applied to the sample pad and migrated by

capillary action. In the absent of target (negative), the reaction between
semi-antigen of acetochlor and anti-acetochlor antibody modified Pt–Ni
(OH)2 NSs conjugates was occurred on the left test line to form a
characteristic black band. Similarly, the reaction between semi-antigen
of fenpropathrin and anti-fenpropathrin antibody modified Pt–Ni(OH)2
NSs conjugates was occurred on the right test line to present another
black band. The remaining solution passed through the corresponding
control lines, the excess anti-acetochlor antibody or anti-fenpropathrin
antibody modified Pt–Ni(OH)2 NSs conjugates were captured by goat
anti-mouse IgG, thus two more black bands appeared on the control
lines. After adding TMB and H2O2 mix solution on test lines, black lines
turned to blue due to the HRP-like activity of Pt–Ni(OH)2 NSs. In the
presence of acetochlor and fenpropathrin (positive), the reactions be-
tween targets and corresponding antibody modified Pt–Ni(OH)2 NSs
conjugates occurred on test lines, thus created competition with the
semiantigens of acetochlor and fenpropathrin on the two-way's test
lines and resulted in weakened or unobservable black lines. Accord-
ingly, the subsequent blue color change of the test lines also became
weak or cannot be observed after adding TMB and H2O2 mix solution.
Before adding TMB, the black color intensity difference of test lines
between the positive and negative tests reflect the concentration of
targets. However, this signal difference is very small. After adding TMB,
the enhanced blue color change was obtained, which enlarged the
difference between the positive and negative test lines due to the cat-
alytic reaction between Pt–Ni(OH)2 NSs and TMB/H2O2 mix. Because
this signal enhancement strategy, this system can achieve very high
sensitivity and wider the detection range effectively.

3.2. Characterization of 2D Pt–Ni(OH)2 NSs

We employed TEM for the characterization of the morphologies of
the as-prepared Ni(OH)2 NSs with different Pt loading values (denoted
as Pt-x/Ni(OH)2, x represents Pt loading percentage). TEM images in
Fig. 1A and B showed the typical layered Ni(OH)2 NSs with wrinkles.
Fig. 1C–H exhibited the uniform distribution of Pt nanoclusters on Ni
(OH)2 NSs. The insets in Fig. 1C, E and 1G displayed the size dis-
tributions of Pt-10/Ni(OH)2, Pt-20/Ni(OH)2 and Pt-40/Ni(OH)2 with
sizes of 2.2 ± 0.5 nm, 2.0 ± 0.5 nm and 1.8 ± 0.5 nm, respectively.

XRD was also conducted for further analyzing the structures of the
Pt-x/Ni(OH)2, as shown in Fig. S1A, where the diffraction peaks of
typical (111), (200), (300), (220) of face-centered cubic Pt nanocrystals
(PDF#04-0802) could be obviously observed. The peak of (001), (002),

Scheme 1. Schematic diagram of two-way LFI for detection of acetochlor and fenpropathrin.
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(200) indicated by the green line were corresponding to Ni
(OH)2⋅0.75H2O nanocrystals based on PDF# 38-0715. We also em-
ployed EDS for analyzing the composition of Pt-x/Ni(OH)2 displayed in
Fig. S1B, showing that there are apparently Pt and Ni peaks, evidencing
the formation of Pt nanocrystals on Ni(OH)2 nanosheets.

Catalytic reaction experiments were conducted to analyze and
compare the HRP-like activity of the prepared Pt-10/Ni(OH)2, Pt-20/Ni
(OH)2 and Pt-40/Ni(OH)2 NSs. Typical images and response curves in
Fig. S2 showed that Pt-10/Ni(OH)2 NSs held the highest HRP-like ac-
tivity, which could be attributed to the appropriate spatial density and
larger size of Pt nanoclusters loaded on Ni(OH)2 nanosheets. Thus, Pt-
10/Ni(OH)2 NSs were applied in the following residue detection ex-
periments.

3.3. Optimization of the detection system

To achieve the best detection capability of the two-way LFI, we
optimized various analytical parameters, including the amount of an-
tibody modified Pt–Ni(OH)2 NSs conjugates applied on the conjugate
pad, the migration time of Pt–Ni(OH)2 NSs on NC membrane, the
loading mode of TMB and H2O2 mix solution, the reaction time for the
immunoreactions, and the effect of different external light interference.
As shown in Figs. 2A and 2.0 μL was the optimal amount of the applied
antibody modified Pt–Ni(OH)2 NSs conjugates because the peak area
reached to maximum for 2.0 μL and then decreased after 3.0 μL. As
depicted in Fig. 2B, the peak area increased with the migration time
until 13min, which was relatively longer compared with zero-dimen-
sional nanoparticles due to the low migration speed of two-dimensional
Pt–Ni(OH)2 NSs. The effect of different loading modes of TMB and H2O2

mix solution was observed. Fig. 2C showed that directly loading TMB
and H2O2 on the test lines (No. 4) resulted in good detection capability
with weak background and enhanced signal. Therefore, this direct
loading mode was used in our experiments. Finally, LFI images before
and after signal enhancement were shown in Fig. 2D. The color of the
test line changed to blue immediately after loading TMB and H2O2,
which means excellent HRP-like activity of Pt–Ni(OH)2 NSs even on NC
membrane. Furthermore, the peak area remained stable for 10min
(data not shown). Therefore, LFI can be quantified within 10min. To
investigate the effect of different external light interference. Typical
images and response relative peak areas were summarized in Fig. S3.
The brilliant and moderate light exhibited similar signal output. The

dark light showed higher signal output due to blurred boundaries,
which may cause uncertainty error. In order to reduce the external light
interference, the brilliant and moderate light are encouraged when
using the smartphone-based detection system.

3.4. Semi-quantification by naked eyes

Under optimal experimental conditions, we simultaneously ex-
amined samples with different concentrations (from 0 to 200 ng/mL) of
acetochlor and fenpropathrin using the prepared LFI and recorded the
photograph to assess the performance of two-way LFI. Fig. 3 displays
the typical photo image of the two-way LFI without (Fig. 3A) and with
(Fig. 3B) enhancement by the TMB and H2O2 mix solution. We observed
that the intensities of the two test lines were inversely related to the
concentration of corresponding targets. Observing the image intensity
by naked eye can obtain semi-quantitative information of the target
concentration. Before enhancement, the saturation concentration was
considered to be ~20 ng/mL. However, this value increased to
~200 ng/mL after enhancement, which was contributed by the en-
hanced effect on weak test lines. At the same time, the lowest visually
detectable amount was imporved from ~1.0 ng/mL without single en-
hancement to ~0.1 ng/mL of targets with the enhancement, which was
contributed by the amplificated effect on strong test lines. These results
confirmed that the signal enhancement strategy can expand the de-
tection range and improve the sensitivity effectively. Thus, the 2D Pt–Ni
(OH)2 NSs can be used as a novel enhanced label for herbicide and
insecticide detection in our two-way LFI assay.

3.5. Quantification by portable smartphone-based system

In order to achieve smartphone-based readout, we developed a
universal detection app, Strip Scan, based on Android system, which can
be used for quantification of herbicide and insecticide continuously.
The typical screen shoots of the app were shown in Fig. 4. This system
integrated two image acquisition paths, “FILE” and “SHOOT”, which
were displayed on the main menu. “FILE” allows the user to choose an
image from an existing file for analysis, while “SHOOT” takes the image
of the test lines from the LFI. Then, the user can select the concerned
test line by narrowing the view range and convert the intensity of the
line to the peak image by clicking on the “CROP”. After obtaining the
corresponding peak image, the user can further narrow the view range

Fig. 1. Transmission electron microscopy (TEM) images of as-prepared Ni(OH)2 nanosheets (A and B), Ni(OH)2 nanosheets with Pt loading of 10% (C and D), 20% (E
and F), and 40% (G and H), respectively. The insets in C, E and G are the size distribution of Pt nanoclusters.
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to focus on the peak area. Subsequently, the concerned peak area values
can be calculated and plotted by clicking the “FIRST” and “SECOND”
buttons, which are in linear relationship with the concentrations of
acetochlor and fenpropathrin, respectively. Then, we can calculate the
concentrations of targets (unit: ng/mL) in the detected sample by en-
tering the slopes and intercepts of the corresponding linear relationship
into the app. The slopes and intercepts of both acetochlor and fenpro-
pathrin are obtained from the corresponding pre-established standard
curves. As shown in Fig. 5, there were obvious linear relationships
between peak areas with the concentrations of acetochlor and fenpro-
pathrin (acetochlor without enhancement over the 0.1–20 ng/mL
range: y=−9.5765x + 271.46, R2= 0.9982; fenpropathrin without
enhancement over the 0.1–20 ng/mL range: y=−22.664x + 504.46,
R2= 0.9932; acetochlor with enhancement over the 1.0–150 ng/mL
range: y=−1.9533x + 317.97, R2= 0.9921; fenpropathrin with en-
hancement over the 1.0–150 ng/mL range: y=−3.6533x + 578.72,
R2= 0.9913). Finally, the calculated test results will be displayed on
the cellphone screen. This design was the key to achieving universal

detection using the proposed smartphone-based system. It should be
noted that the limit of detection (LOD) of acetochlor and fenpropathrin
were determined to be 0.63 ng/mL and 0.24 ng/mL based on
3.3×standard deviation/slope, which was more sensitive than previous
reported fluorescent biosensor, electrochemical biosensor or even che-
miluminescence biosensor (Table S1). Thus, the 2D Pt–Ni(OH)2 NSs as
enhanced signal labels showed a high sensitivity based on their abilities
for high HRP-like activity and low migration speed on NC membrane of
LFIs.

3.6. Specificity

We investigated the specificity of the two-way LFI using some in-
terfering herbicides and insecticides, such as chlorpyrifos, diazinon,
malathion, atrazine and glyphosate, which were widely employed
within the global agricultural community. Fig. S4 clearly showed that
the proposed assay only responded to the corresponding targets, and
the responses of other interfering herbicides and insecticides were

Fig. 2. Optimization of the detection system. (A) Effect of different amounts of antibody modified Pt–Ni(OH)2 nanosheets conjugates on the conjugate pad. (B) Effect
of different migration time of Pt–Ni(OH)2 nanosheets on NC membrane. (C) Effect of different loading modes of TMB and H2O2 mix solution. (1) Partial immersion in
the tube; (2) Totally immersion in tube; (3) Loading on sample pad; (4) Loading on the test line. (D) LFI images before and after signal enhancement. (1) LFI images
before the signal enhancement; (2) LFI images when loading TMB and H2O2 mix solution immediately; (3) LFI images after the enhancement for 10min.

Fig. 3. Photograph of two-way LFIs for detection of acetochlor and fenpropathrin (A)without and (B) with the signal enhancement. Concentration of targets: (1) 0;
(2) 0.1; (3)1.0; (4) 10; (5) 20; (6) 100; (7) 150; and (8) 200 ng/mL.
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almost negligible. This result revealed the high specificity of the pro-
posed system, which was associated with the novel design of two-way
LFIs.

3.7. Detection of spiked samples

Detection of real food samples was performed using the proposed
system. 10 non-spiked food samples, including corn, sorghum, soybean,
apple, orange, peach, cabbage, broccoli, tomato, and drinking water

Fig. 4. Screenshots from the universal detection app named Strip Scan with two image acquisition paths for “FILE” and “SHOOT”. (A) Choosing a path to acquire a
photograph of two-way LFIs. (B1) Acquiring photograph from files. (B2) Acquiring a photograph from the camera. (C) Narrowing the view range until the view
focuses on the concerned lines. (D) Clicking on “CROP” to convert the intensity of lines to the corresponding peak image. (E) Narrowing the view range to the
concerned peak image. (F) Clicking on “FIRST” or “SECOND” to plot the peak area value and entering the slope and intercept of the corresponding linear relationship
to calculate the test results (unit: ng/mL) of the detected sample.

Fig. 5. The relationships between the peak area of test lines and different samples. (A) Plotted peak area in the response to various concentrations of acetochlor
without enhancement. (B) Plotted peak area in the response to various concentrations of fenpropathrin without enhancement. (C) The standard curve of two-way LFIs
for acetochlor and fenpropathrin detection without enhancement. (D) Plotted peak area in the response of various concentrations of acetochlor with enhancement.
(E) Plotted peak area in the response of various concentrations of fenpropathrin with enhancement. (F) The standard curve of two-way LFIs for acetochlor and
fenpropathrin detection with enhancement. Concentration of targets: (1) 0; (2) 0.1; (3)1.0; (4) 10; (5) 20; (6) 100; (7) 150; and (8) 200 ng/mL.
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were first tested. All original samples showed “not detected” results of
acetochlor and fenpropathrin measured by gas chromatography (NY/T
761-2008, agricultural industry standard of China) and the proposed
method in this study. Furthermore, different concentrations of spiked
samples (1.0 ng/mL, 10 ng/mL and 100 ng/mL) of corn, apple, and
cabbage were prepared as matrix for spiked-recovery tests. The re-
covery rates were evaluated at between 97.12% and 111.46% for the
proposed system in this study (Table S2). The data revealed the accu-
racy of the developed system and the feasibility of detection herbicide
and insecticide in various matrixes, simultaneously.

4. Conclusion

In conclusion, we have developed a Pt–Ni(OH)2 NSs amplified two-
way LFI with smartphone readout for quantification of acetochlor and
fenpropathrin. The core-technology of our proposed assay relies on the
following aspects: (i) 2D Pt–Ni(OH)2 NSs were synthesized via the facile
and efficient microwave approach and used as enhanced signal label
based on its advantageous properties of high HRP-like activity and low
migration speed; (ii) two-way LFI was designed to eliminate cross-re-
action between two targets; and (iii) a portable readout platform was
developed based on a smartphone app, Strip Scan, with the advantage of
universal data analysis. Overall, the multiplex, highly sensitive detec-
tion strategy developed in this study ensures a promising future in the
field for rapid analysis of herbicides and insecticides.
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