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On-spot quantitative analysis of Dicamba in field waters using a
lateral flow immunochromatographic strip with smartphone
imaging

Meng Qi&P.1 Jinggian Huo?1, Zhenfeng LiP, Cong Hed, Dongyang LiP, Yuxin WangP, Natalia
VasylievaP, Jinlin Zhang™2, Bruce D. Hammock™P
a-College of Plant Protection, Hebei Agricultural University, Baoding 071001, P. R. China.

b-Department of Entomology and Nematology and UCD Comprehensive Cancer Center,
University of California, Davis, California 95616

Abstract

Dicamba herbicide is increasingly used in the world, in particular with the widespread cultivation
of genetically modified dicamba-resisted crops. However, the drift problem in the field has caused
phytotoxicity against naive, sensitive crops, raising legal concerns. Thus, it is particularly timely to
develop a method that can be used for the on-spot rapid detection of dicamba in the field. In this
paper, a lateral flow immunochromatographic strip (LFIC) was developed. The quantitative
detection can be conducted by an App in the smartphone, named “Color Snap”. The tool reported
here provides results in 10 mins and can detect dicamba in water with a LOD (detection limit)
value of 0.1 mg/L. The developed LFIC shows excellent stability and sensitivity appropriate for
field analysis. Our sensor is portable and excellent tool for on-site detection with smartphone
imaging for better accuracy and precision of the results.
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Introduction

Dicamba is an efficient, economic, and broadleaf herbicide, commonly used in corn,
triticeae crops, and pastures. It is also largely used for weed control in dicamba-resistant
(DR) soybean, corn, and DR cotton [1, 2]. Moreover, dicamba has excellent herbicidal
effects. According to soybean growers, using dicamba can effectively remove weeds [3].
Since first introduced to the market in 1996, Genetically Modified (GM) soybeans have been
cultivated in leading soybean exporting countries such as the United States, Brazil and
Argentina [4]. Especially in the United States, 94% of the soybean were GM varieties in
2017 [5]. The large-scale cultivation of GM varieties has greatly increased the use of
dicamba. However, dicamba may cause injury to neighboring off-target plants by herbicide
volatilization [6-8]. According to studies in Arkansas, Tennessee, Missouri, Indiana and
Nebraska, dicamba can volatilize and transferre to non-target areas [9], causing
phytotoxicity to some crops that are sensitive to dicamba, such as tomato (Solanum
Lycopersicum L.), watermelon [ Citrullus lanatus (Thunb.) Matsum. & Nakai], Alfalfa
(Medicago sativa L.), dry beans (Phaseolus vulgaris L.), peanut (Arachis hypogaeaL.),
grape ( Vitis spp.), as well as noncultivated vegetation [10-14]. At the same time, the
dicamba affects human health, a higher level of dicamba may increase the potential of
hepatic tumors, cause DNA-damage, and also result in cytotoxicity and genotoxicity [15—
17]. Gonzalez et al. found that 200 ug/mL dicamba can significantly induce the exchange of
sister chromosomes, and 500 pg/mL dicamba can not only cause cell poisoning but also
affect the cell cycle process [18]. To support responsible product stewardship, it is essential
to develop a convenient and effective detection method for dicamba monitoring in the field
water, helping correct the misuse of this important herbicide.

Currently, the tracking of dicamba is mainly performed with large equipment based
technologies, such as LC-MS/MS[19], UPLC-MS/MS [20], GC-MS/MS [21]. These
analytical methods, however, require highly trained professional and expensive instruments.
Enzyme-linked immunosorbent assay (ELISA) is another promising detection method used
for dicamba analysis due to its overwhelming advantages in high sensitivity, speed, excellent
selectivity, simplicity, low cost, high throughput, and no need of complicated pretreatment
procedures. Clegg et al. developed an ELISA method for the detection of dicamba with a
limit of detection (LOD) of 2.3 ng/mL and an ICsq (analyte concentration causing a 50 %
inhibition of the maximum response) of 195 ng/mL [22]. Huo et a/. developed a
chemiluminescent ELISA (CLEIA) for the detection of dicamba using novel hapten design.
The 1C5 was decreased as low as 0.874 ng/mL [23]. However, ELISAs still is a laboratory-
based method requiring special instruments, and this is not suitable for on-site monitoring.
To tackle this issue, lateral flow immunochromatographic strip tests (LFIC) appear to be a
promising solution due to their instrument-free feature, portability and rapidness (usually
within 15 minutes to produce results) [24]. This method has been widely used in the
qualitative detection of pesticides and some other small molecules [25-29]. So far, there has
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been no LFIC available for the detection of dicamba. There is urgent need to develop LFICs
for on-spot detection of dicamba for regulators and farms involved. However, it is worth
noting that the LFIC has its intrinsic drawback as a qualitative or semi-quantitative assay,
many strategies aiming at digital reading of the strips have been proposed to overcome this
problem. For example, Zhuang Tian et a/and Kamlesh Shrivas et al. used ImageJ, free Java-
based software developed by the National Institute of Health of United States for image
processing and analysis, to develop methods for detecting 19-Nortestosterone and iron (l11),
respectively [30, 31]. Based on similar principle, Li ef a/. used the smartphone app called
Color Grab to achieve the quantitative detection of test strips [32]. However, this software
modification is only applicable to Android-based phones, which limits the scope of
application of this detection method. Recently, a free smartphone app called Color Snap
developed by Sherwin-Williams company is suitable for a variety of mobile phone systems.
It provides an online network version, which has broader prospects for use. This app can
pick RGB data from the image and is often used in interior design. To date, no one has
reported that the software can be used for visual inspection of the lateral-flow
immunochromatographic strips. As the Color Snap app allows users to capture the desired
colors on their smartphone and then match those colors to interior design [33, 34], it is
theoretically possible to digitally read a lateral flow immunochromatographic strip with a
smartphone and quantify the concentration of analyte.

In this work, using the anti-dicamba polyclonal antibody previously produced against novel
hapten [23], we developed a lateral flow immunochromatographic strip for dicamba
monitoring with Color Snap app combined to image the strips. The goal of on-spot
quantitative detection of dicamba in the field water was achieved.

Materials and methods

Chemicals and reagents

Bovine serum albumin (BSA), ovalbumin (OVA), potassium carbonate, and chloroauric acid
solution were obtained from Sigma (St. Louis, MO). Protein-G columns and goat anti-rabbit
IgG were supplied by Solarbio Corporation (Beijing, China). Nitrocellulose (NC) films were
purchased from Sartorius (Gottingen, Germany). Polyester fiber membranes, special
absorbent paper, plastic cards, and glass fiber (GF) membranes were bought from Shanghai
Kinbio Tech Co., Ltd. (Shanghai, China). Serum and coating antigen were developed in a
previous study [23]. Standards (Dicamba; 5-hydroxydicamba; 2,3,5-trichlorobenzoic acid;
2,3,6-trichlorobenzoic acid; clopyralid; picloram; chloramben and chlorfenac) were obtained
from Thermo Fisher Scientific (Rockford, IL), Sigma-Aldrich (St. Louis, MO) or Chem
Service, Inc. (West Chester, PA). The solvents and reagents used in this study were all of
analytical grade.

Preparation of the nanogold particles

Gold nanoparticles (AuNPs) were prepared according to ref [35]. In brief, 1.0 mL 1% (w/v)
HAUCIy solution was diluted with 100 mL Milli-Q water in a flat-bottom flask and heated
until boiling. Then, 2.25 mL of sodium citrate solution (1%) was one-time added to the flask
with continuous stirring. After about 2-min of boiling, the color of the solution changed
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from purple to wine-red, and it continued to boil for another 15 min. The heat was turned
off, and the solution continued until it cooled down to the room temperature (RT). The
volume of the solution was adjusted to the original volume by Milli-Q water. Resulting
nanogold suspension was characterized by a UV-visible spectrum at whole wavelengths. The
solution was stored at 4 °C until used.

Preparation of the antibody-nanogold probe

The serum against dicamba was obtained in previous work [23]. Polyclonal serum was
purified by protein-G columns. The antibody concentration was determined with NanoDrop
Spectrophotometer. Then the antibody was determined by an enzyme-linked immunosorbent
assay (ELISA) using the homologous and heterologous coating antigens in separate assays.
The steps of ELISA were performed according to the ref [23]. In brief, a microtiter plate was
coated with heterologous/homologous coating antigen (100 pL/well) overnight at 4 °C and
blocked with 3% skim milk (200 pL/well). After the plate was washed 3 times, dicamba
standard and an equal volume antibody solution (50 pL/well) were added. Then goat anti-
rabbit-IgG—horseradish peroxidase (100 uL/well in 10000 dilution) was added after 5 times
wash. Then TMB-substrate solution was added after 5 times wash. Finally, the reaction was
stopped by H,SO,, and the absorbance was read at 450 nm.

Before conjugation, the optimal pH value for the nanogold suspension was determined as
follows: different volumes of 0.1 M K,COj3 solution were added to 100 uL of nanogold
suspension, followed by the addition of the purified antibody. After brief mixing, the
solution was left at RT for 1 hour. Then 10 uL 10% NaCl was added, mixed, and left at RT
for another 1 h. The color change and precipitation of the solution were observed. Finally,
the above-mixed solutions were placed in a transparent 96-well plate, and the absorbance
was measured at 520 nm by UV Spectrophotometer. Conditions providing maximum
absorbance value was considered as optimal. Similarly, the optimal amount of antibody was
adjusted by changing the concentration of antibody in the reaction system to obtain a high
signal to noise and linearity.

Based on the above results, 0.1 M K,COj3 solution was added to 10 mL of nanogold
suspension under gentle stirring, followed by the purified antibody, and the solution was
continuously stirred for 30 min. After adding 800 pL of 10% (w/v) bovine serum albumin
(BSA) solution for blocking, stirring continued for 20 min. Then the solution was
centrifuged for 15 min at 2000 rpm at 4 °C. Resulting supernatant contained gold
nanoparticles conjugated with antibody (Ab-NP), while unconjugated gold particles were
collected as a pellet. Thus, the supernatant was transferred in a clean vial and centrifuged for
30 min at 10,000 rpm to separate conjugated gold nanoparticles from free antibody and
BSA. The pellet was washed twice by resuspending in a buffer (contain 0.05%BSA,
0.05%PVP, 1.2%Tris and 1.0% Tween 20, pH 9.0) followed by centrifugation. Finally, the
pellet was resuspended in 50 pL of buffer (contain 0.05% BSA, 0.05%PVP, 1.2%Tris and
1.0%Tween 20, pH 9.0) and stored at 4 °C for further use.
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Preparation of the Lateral Flow Immunochromatographic Strip

The lateral flow immunochromatographic strip was composed of five parts. The NC film,
conjugate pad, sample pad and absorbent pad were glued on the PVC board in superposing
layers (Figure 1a), then cut into strips of 4 mm wide, and stored for later use (RT). The
concentration of coating antigen, antibody-nanogold probe, and goat anti-rabbit IgG was
optimized, respectively. The coating antigen and goat anti-rabbit 1gG were coated on the NC
film as detection line (T-line) and control line (C-line); while the antibody-nanogold probe
was soaked onto a conjugate pad. As shown in Figure 1b once the sample is applied to a
sample pad, it migrates across the layers toward the absorption pad due to capillary forces. If
the sample solution contains dicamba, the free dicamba will compete with the coating
antigen on T-line for the binding of antibody-nanogold probe. When the concentration of
dicamba is high, all the Ab-NP will bind the dicamba, and no binding will occur on the T-
line. Thus, no color will be observed on the test line. Absent test line or faint test line
corresponding to lower dicamba concentration are positive read-out and valid, as long as
control line is observed too. The concentration of dicamba in the sample solution is inversely
proportional to the color of T-line. The C-line is coated with species-specific antibody
capturing anti-dicamba antibody. It should always turn red during analysis to prove the
validity of the test strip. Otherwise, the test strip is invalid.

To obtain the lateral flow immunochromatographic strip with the best sensitivity several
parameters had to be optimized. Then the coating antigen concentration was optimized by
diluting to 0.08, 0.20, 0.40, 0.50, 0.80, 1.33, 2.0 mg/L with carbonate buffer (pH 9.6) and
then coating onto NC membranes as the T-line. The antibody-nanogold probe was diluted to
2-, 4-, 8-fold with 0.01M phosphate-buffered saline (PBS, pH7.2), then coated to the
conjugate pad. The goat anti-rabbit 1gG was diluted to 0.1, 0.2, 0.5, 0.8, 1.0, 2.0 mg/mL with
0.01 M PBS (pH7.2), then coated onto NC membranes as the C-line. The coating conditions
were optimized by setting serial conditions, three coating temperatures for 4, 25, 37 °C and
four coating time for 0.5, 1, 2, 16 h. And then 7 kinds of buffers (0.01M PBS buffer pH 7.2,
1; 0.01M PBS buffer pH 7.2 containing 0.1% BSA and 0.15% Tween 20, 2; 0.01M PBS
buffer pH 7.2 containing 10% BSA, 3; 0.01M PBS buffer pH 7.2 containing 0.1% BSA, 4;
0.01M PBS buffer pH 7.2 containing 0.15% Tween 20, 5; 0.01M PBS buffer pH 7.2
containing 0.05% Tween 20, 6; Milli-Q water pH 7.2, 7) were prepared for conjugate pad
and 5 kinds of buffers (0.01M PBS pH7.2, 1; 0.01M PBS buffer pH 7.2 containing 1% BSA
and 0.25% Tween 20, 2; 0.01M PBS buffer pH 7.2 containing 1% BSA, 3; 0.01M PBS
buffer pH 7.2 containing 0.25% Tween 20, 4; Milli-Q water pH 7.2, 5) for use on the sample
pad, to get the best sensitivity.

The judgment criteria by naked eye were as follows: the antibody-nanogold probe in the
conjugate pad was totally released, the sample solution crosses the whole strip, T-line and C-
line turn red clearly for the negative samples”-", T-line fade clearly for the strong positive ”
++” and turn faint red for weak positive "+,

Quantitative detection of dicamba with Color Snap on smartphone

Quantitative detection of dicamba is achieved by analyzing high-quality photos using the
Color Snap app. The specific experimental steps are as follows: 1. Use a smartphone
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equipped with a Color Snap application to take a photo of the test strip in a well-lit place or
use a flashlight from smartphone in a low light situation. 2. Make the T-line in the middle of
the picture by cropping the picture size. 3. Open the Color Snap and select “Match a Photo”,
then click on the lower-left corner to load the image. 4. Touch the screen to enlarge the
picture as much as possible, while keeping the C-line and T-line in the center of the screen,
then click “done”. 5. Click the trash can icon in the lower-left corner to delete all preset
color recognition until the icon is invisible, then tap the” +” put the circle to the C-line and
T-line. 6. Tap the color name and get the RGB value for C-line and T-line. And the gray-
scale value for C-line and T-line is calculated from the RGB value by the formula as follows:

Gray = Rx 03+ Gx0.59+ Bx0.11 [36]

7. In order to reduce the influence of background color on the gray-scale value, the T-line
gray-scale value, C-line gray-scale value, and the ratio of T-line gray-scale value to C-line
gray-scale value in the same strip (T/C value) were compared under different light intensity.
The influence of background on the detection result can be effectively reduced when the T/C
value was selected as the stable parameter instead of the T-line gray-scale value scanning
signal, which is also consistent with the reported research [37, 38]. Then use the free App
“WPS office” on the smartphone to draw a standard curve with different concentrations of
dicamba as the abscissa and the T/C values as ordinate to achieve quantitative detection (In
order to achieve true and sensitive test results, each on-site test should redraw the standard
curve to adapt to the environmental conditions). 8. Then the limit of detection (LOD) value
was calculated according to the ICH (International Conference on Harmonization of
Technical Requirements for Registration of Pharmaceuticals for Human Use) guideline
criteria as 3.3a/slope, whereas o is the standard deviation of the blank measurements (no
dicamba in sample solution, n=6) [39].

Specificity and stability of the lateral flow immunochromatographic strip

The specificity of the lateral flow immunochromatographic strip was evaluated by using a
set of dicamba structural analogs, including 5-hydroxydicamba; 2,3,5-trichlorobenzoic acid;
2,3,6-trichlorobenzoic acid; clopyralid; picloram; chloramben and chlorfenac. Then the
lateral flow immunochromatographic strips were used to detect the sample solutions of the
above compounds with different concentrations. Through the color change of T-line, the
naked eye test results of each compound were obtained. Then the T/C values of each
concentration were obtained by the Color Snap app.

The stability of the lateral flow immunochromatographic strip was evaluated by comparing
the sensitivity of different batches of the strip, and the sensitivity of the same batch stored at
4, 25, 37 °C for 180 days. The sample solution of dicamba at 0.250 mg/L was used to
perform analysis every 15 days. The validity of the test strip was judged by the naked eye
and comparing the test concentration obtained by the strip analysis with the phone.

Analysis of the spiked sample

Irrigation water and river water were collected to use in evaluation studies. The irrigation
water was collected in the field in which dicamba was never used before. The river water

Anal Bioanal Chem. Author manuscript; available in PMC 2021 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Qietal

Page 7

was collected from the river near the field. All the water samples were confirmed by LC-MS
to be free from dicamba. Every spiked concentration in each matrix was tested in six
replicated. For validation of the precision and repeatability of the method, and according to
the published literature, the concentration of dicamba may vary in different conditions.
Vance GF [40] found the concentration of dicamba in soil-water was 0.31-0.46 mg/L after 2
weeks of use and became lower than 0.0015 mg/L 96 days after application when dicamba
was used at low does (0.9 kg/ha). At the same time, the investigation results by Michael
Ensminger et a/[41] on surface water and sediment pesticides in mid-California showed that
the concentration of dicamba in the urban surface water sample was 0.06-119 pg/L. Raj
Grover et al[42] investigated the herbicide residues in farm dugouts and ponds; and it
showed that the concentration of dicamba remaining in the water samples in the Merford
area was 11.7 pg/L. Therefore, three different concentrations of dicamba solution (the final
concentration was 0.05, 0.15, 0.30 mg/L) were added to the sample solution with the same
volume. The strip test was run in a blind fashion, Color Snap was used for color analysis to
obtain the T/C value. The concentration of dicamba in the sample was quantitatively
analyzed according to the established calibration curve.

Results and Discussion

Characterization of the nanogold particles

The quality of the antibody-nanogold probe is one of the main factors affecting the lateral
flow immunochromatographic strip. The size of nanogold particles is affected by the amount
of trisodium citrate. Although some researches have suggested that the suitable diameter of
nanogold particles for coupling maybe 30-40 nm, some scholars also have developed a
highly sensitive detection method with the 20 nm nanogold particles [43-46]. In this
research, 2.25 mL of trisodium citrate solution (1%) was used in the preparation of the
nanogold particles. The nanogold particle suspension was a pink uniform liquid observed by
naked eyes, and the solution was scanned at 459—-600 nm by an ultraviolet-visible
spectrophotometer. The results showed that there was a unique maximum absorbance peak
at 520 nm. The scanning results of Transmission Electron Microscopy (TEM) of the
nanogold particles showed that the size of hanogold particles was a relatively uniform 20 nm
(Figure 2).

Preparation of the antibody-nanogold probe

The purified antibody was obtained by using protein-G columns to purify the serum and
confirmed activities by ELISA, the concentration of the antibody was 3.0 mg/mL. Based on
previous research results, a high concentration antibody may not be suitable for the
preparation of the antibody-nanogold probe [47]. The antibody was diluted to 2.5 mg/mL
before conjugation. When the nanogold particles were mixed with the purified antibody in
different buffers for conjugation, the unstable antibody-nanogold probe will precipitates with
the addition of 10% NaCl, while the stable probe will maintain a uniform solution state and
has high absorbance at 520 nm. Therefore, the optimum pH value and amount of antibody
were determined by measuring the absorbance of the solution at 520 nm wavelength. The
maximum absorption at 520 nm was observed when 30 uL of 0.1 M K,CO3 was added to
100 uL of particles. At these conditions, the pH value of the solution was 9 (Figure 3a). This

Anal Bioanal Chem. Author manuscript; available in PMC 2021 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Qietal

Page 8

indicates that pH 9.0 is optimal for adsorption of polyclonal antibody to the nanogold
particles. With these conditions, no precipitation of nanoparticles occurred at 10% NaCl.
Then the minimum amount of antibody was determined in the same way. The maximum
absorption at 520 nm was observed with 30 uL of 2.5 mg/mL antibody added to 100 uL of
nanoparticles, resulting in final concentration of 0.75 mg/mL (Figure 3b). Previous studies
have shown that the chosen concentration of antibody must be greater than the minimum
antibody for best performance in LFIC, and usually, the optimal antibody concentration for
probe binding is 1.1 times of the minimum amount of antibody [48]. So, the final
concentration of antibody binding was 0.825 mg/mL (0.75mg/mL plus 1.1-fold).

Based on the results above, the antibody and nanogold particle suspension is coupled by
electrostatic interaction to obtain a stable antibody-nanogold probe [49]. Then, the antibody-
nanogold probe was characterized by a UV spectrophotometer at different wavelengths. As
shown in Figure 3c, due to the increase in the particle size of the conjugation after the
antibody binds to nanogold particles, the maximal absorption peak shifted from 520 nm to
530 nm. This peak shift phenomenon means that the antibody has been coupled with
nanogold particles successfully [50].

Preparation of the Lateral Flow Immunochromatographic Strip

In the present study, to obtain the immunochromatographic test strip with the best
sensitivity, the proper amount of coating antigen, antibody-nanogold probe, goat anti-rabbit
IgG, coating conditions, buffers for conjugate pad and buffers for the sample were
optimized. The naked eye was applied for the judgment criteria for LFIC preparation and
optimizing as the naked eye is more intuitive, convenient, fast and the results have a
consistent trend while comparing with the APP imaging and calculation procedure.

First, one factor was set as a variable, and other factors were kept constant. The optimal
value of each variable was screened one by one by this method. In the absence of dicamba,
the best result where the T-line turn red clearly was observed when the homologous coating
antigen was diluted to 0.8 mg/L and the antibody-nanogold probe was diluted to 2-fold. It
was determined that the best concentration of goat anti-rabbit 19G was 1.0 mg/mL. The
optimal coating conditions were 25 °C for 30 min. The best blocking buffers for conjugate
and the sample pads were 0.01M PBS buffer (pH7.2) containing 0.1% BSA and 0.15%
Tween 20; and 0.01M PBS (pH7.2) containing 1% BSA and 0.25% Tween 20, respectively.
Several rounds of optimization were cycled through to approach optimum conditions.

Therefore, the conjugate pads, sample pads, antibody-nanogold probe, coating antigens, and
goat anti-rabbit IgG were prepared with the conditions above. The lateral flow
immunochromatographic test strip was finished after each part of the test strip was assemble
and then cut the strips into 4 mm, stored for later use (4 °C).

The sensitivity of the lateral flow immunochromatographic strip by Color Snap on

smartphone

Based on the previous polyclonal antibody ELISA results and the concentration of dicamba
in environment from previous studies [23, 40, 41], a series of different concentrations of
dicamba solution (0, 0.050, 0.100, 0.150, 0.200, 0.250, 0.300 mg/L) were tested using the
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test strips. The results indicated that the T-line became lighter with the increase of dicamba
and the T-line began to fade when the concentration of dicamba was 0.100 mg/L until it
disappeared completely at 0.300 mg/L (Figure 4a). So, the naked eye limit of dicamba was
0.300 mg/L.

Then the Color Snap application on a smartphone was used for C-line and T-line’s RGB
value detection. The gray-scale value of C-line and T-line were calculated by using RGB
value, then T/C value was obtained as the ratio of both lines’ gray-scale values. With
increasing concentration of dicamba, the T-line becomes lighter until it disappears, while the
C-line remains red. Since gray-scale value is inversely related to color intensity, thus, the
gray-scale value of the T-line gradually increases as the concentration of dicamba increases
(Figure 4a), therefore, the T/C value was positively correlated with dicamba concentration.
And the results of T/C values and the gray-scale value of T-line and C-line were compared
with the naked eye evaluation (Table 1). T/C value was inversely proportional to the color of
the T line observed by the naked eye, but directly proportional to the concentration of
dicamba. Use the concentration of dicamba as the horizontal axis and the T/C values as the
vertical axis to draw a calibration curve (Figure 4b). Although the signal change is not
dramatic, it is consistent and correlates with the concentration of the analyte. The calibration
curve has a good linear relationship between the concentration of dicamba and T/C values in
the range of 0-0.300 mg/L (R?=0.9895). The LOD (detection limit) value was 0.1 mg/L.
Based on the obtained standard curve, quantitative detection of dicamba can be achieved.

In the immunoassay against small molecules, the coating antigen is a key component of
competitive format. Generally, the the antibodies have a better binding with the homologous
coating antigen. However, the free analyte will be more easily displaced from the
heterologous antigen providing higher sensitivity of the assay. In an indirect competitive
ELISA format based on antibodies against dicamba, the LOD of 0.013 mg/L with
homologous pair is higher than that with heterologous pair (0.0015 mg/L) (Figure 5a).
However, when we applied the heterologous coating antigen in LFIC, the binding of
polyclonal antibody conjugated nanogold particle was too weak to form an obvious T-line
(Figure 5b). Therefore, we switched back to the homologous pair for LFIC. Though the
sensitivity of our developed LFIC (LOD=0.1 mg/L) was 6 times lower than homologous
ELISA this sensitivity is still applicable for field monitoring studies. It indicated that the
affinity was not lost after antigen /antibody immobilization. As it is often observed that
lateral flow assay is less sensitive than classical ELISA. It might be due to the much faster
interaction during the flow and there is not time for proper equilibrium that is reached in
plate-based assay and the conjugation of the antibody to the particle might affect the
antibody binding [51-55].

Due to the lower sensitivity, the developed LFIC is not suitable for determining the low
dicamba concentration in soil or plant samples. As the LOD value of LFIC (0.1 mg/L) is
lower than the maximum acceptable concentration (MAC) for dicamba in drinking water
(0.120 mg/L) [15], so the sensitivity of LFIC is suitable for detecting the water sample. At
the same time, LFICs has the advantage of being fast and portable. And we creatively
combined the smart-phone imaging with the LFICs technology to conquer for the drawback
of traditional LFICs, the upgraded LFIC is successfully applied for on-spot quantitative
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analysis in the field. If the tested field water is positive of dicamba by LFIC, it indicates the
illegal use of dicamba is happening, and then our previous assay with better sensitivity will
be applied for the further soil and plant testing. This two-steps procedure can be used to
reduce the workload of sample collection then leading to the rational use of monitoring
dicamba. To monitor the illegal use of dicamba in the field, we set up a two-step monitoring
procedure: the environmental water sample was first screened on-spot with the LFIC quickly
in the field; if dicamba positive sample was found, the soil and plant in the same area were
collected and determined in the laboratory.

The specificity of the lateral flow immunochromatographic strip

The developed test strips were evaluated by a set of dicamba structural analogs to examine
the selectivity of LFIC. And the concentrations were set as following: 0, 0.100, 0.150, 0.200,
0.250, 0.300, 0.500, 1.0 mg/L. The T/C values of each compound at this concentration were
calculated respectively, dicamba and the blank (no dicamba or other analyte) have the
highest and lowest T/C value separately. And all the other compounds except 2,3,6-
trichlorobenzoic acid maintained the lower T/C values compare to the dicamba and similar
with the blank, indicating that the test strip had good selectivity to dicamba with no cross-
reactivity to these structural analogs (Figure 6). The 2,3.6-trichlorbenzoic acid has lower T/C
value compared to dicamba, but a relatively higher number compared to the blank. It
indicates that this analog has slight cross-reactivity in LFIC for dicamba. However, 2,3,6-
trichlorobenzoic acid is not widely used as herbicide currently and is unlikely to be found in
field water samples. This result is consistent with the previous studies [23]. Therefore, these
results show that the test strip reported here has good specificity for the detection of
dicamba.

Stability of the lateral flow immunochromatographic strip

The stability of the tool was characterized by testing different batches of the developed strips
under and the same batch stored at different conditions. Three batches of test strips were
prepared to analyze a sample solution with a concentration of 0.250 mg/L as shown in Table
2. All the LFICs of different batches were reproducible for the detection of the dicamba at
fixed concentration. The developed test strips provide reproducible results for 180 days
when stored at 4 °C, and 75 days when stored at 25 °C, for 15 days when stored at 37 °C
(data not shown). It indicated that the strip performance directly correlated with storage
temperature. The result showed that the shelf life of the test strips was longer under the low
temperature. This observation is most probably due to the fact that protein reagents used in
test strip preparation preserve their activity and properties better at low temperature [50].
Therefore, the optimum storage condition was 4 °C. We monitored the strips out to 180
days.

Analysis of the spiked sample

The developed strips were designed for on-site detection of dicamba in the field. Irrigation
water and river water were collected to evaluate the matrix effect in dicamba the detection
and quantification. First, all the water samples were confirmed to be free from dicamba by
LC-MS. Then a series of dicamba solution (0, 0.100, 0.150, 0.200, 0.250, 0.300, 0.500, 1.0
mg/L) were diluted by water sample (diluted 0, 10-, 100-fold in the PBS buffer), PBS buffer
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respectively, and tested with the developed test strip under the same conditions. The results
show that the results of undiluted water samples were similar to PBS buffer (data not
shown). So, these water samples have almost no matrix effect and can be directly used for
detection. Then the detection was carried out with the spiked water samples by the addition
of known dicamba concentration (the final concentration was 0.050, 0.150, 0.300 mg/L).
The spiked water samples were analyzed by the developed test strip. As the results show in
Table 3, the average recovery rate from three water samples using the developed test strip
was from 95.6 to 103.1%. The relative standard deviations were 1.5 to 4.4%, indicating that
the LFIC method is accurate and reliable.

This showed that the developed test strip could effectively detect the dicamba in
environmental water samples without further purification and treatment. The previous
studies have shown that because dicamba is a highly water-soluble, stable to chemical
hydrolysis, and highly mobile [56, 57], it can enter the atmosphere by drift, evaporation,
sublimation or soil erosion and then return in the form of rainfall [58]. Ensminger et al.
analyzed water samples from surface water in California, among the 225 samples, more than
40% of the samples detected dicamba, and the number of positive sample and concentration
of dicamba detected in the water samples increased significantly when the rainfall increased
[41]. On the other hand, Willett et al shave shown that dicamba dissolved in irrigation water
can cause damage to dicamba sensitive soybeans [59]. While the test strip developed can
quickly detect the water samples in field and monitor the use of dicamba.

Conclusion

Lateral flow immunochromatographic strip for dicamba quantification was successfully
developed. This strip can quickly and easily detect the dicamba in the field water. These data
can be used to estimate the dicamba drift in the field. In addition, without complicated
instruments, the quantitative analysis of dicamba can be achieved by analyzing the RGB
value of the test strip image using a free smart mobile phone application Color Snap. This
low-cost and portable test strip is sensitive with a detection limit for dicamba in the water of
0.1 mg/L. The LOD was lower than dicamba contamination possible in soil-water and
surface water [40, 41]. This assay was successfully applied in the quantitative analysis of
dicamba spiked in the field water. This tool could provide guidance on the rational use of
dicamba in the field. It also provides a tool to deal with legal concerns about dicamba drift.
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Fig. 1.
Schematic principle and structural composition of immunochromatographic test strip (a) and

the judgment criteria of immunochromatographic test strip by naked eye (b).
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Fig. 2.

The Transmission Electron Microscopy (TEM) image of the prepared nanogold particles
with the diameter of approximately 20 nm.
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Fig. 4.

Test strip test results of dicamba solution tested at different concentrations, the T-line
became lighter with the increase of dicamba and T-line began to fade when the concentration
of dicamba was 0.100 mg/L until it disappeared completely at 0.300 mg/L, the gray-scale
values of T-line and C-line were marked on (a). The calibration curve is drawn by Color
Snap, the x-axis represents the concentration of dicamba, y-axis represents the T/C value
(The ratio of T-line gray-scale value to C-line gray-scale value in the same strip under the
same shooting conditions) (b).
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Inﬁibition curve for dicamba using antibodies. Immunogen (JQ-00-24-BSA); homologous
coating antigen (JQ-00-24-BSA), heterologous coating antigen (JQ-00-21-BSA); goat anti-
rabbit-lgG—horseradish peroxidase, 1:10 000. Each point was tested in triplicate (a), and the
LFICs used the heterologous coating antigen and homologous coating antigen as the T-line
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Cross-reactivity of the developed test strips against dicamba structural analogs. The x-axis
represents the solution of dicamba or dicamba structural analogs and the concentration was
1.0 mg/L (blank represents no dicamba or other analyte), the y-axis represents the T/C value.
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Table 1

The results by Color Snap for dicamba detection.

Gray-scale value
Samplenumber  Concentration (mg/L) Naked eye ——————————— Color Snap (T/C)
T-line  C-line

1 0 +++ 199 189 1.054
2 0.100 ++ 204 189 1.078
3 0.150 + 206 188 1.094
4 0.200 + 210 189 1.112
5 0.250 - 212 188 1.125
6 0.300 - 215 189 1.137

T/C: The ratio of T-line gray-scale value to C-line gray-scale value in the same strip under the same conditions, the gray-scale value of T-line and
C-line were calculated by using RGB value obtained from Color Snap.

" There is no color at all
“There is almost no color
+ -
The color is lighter
4 . )
The color is appropriate

4t . . . .
The color intensity of the analyte is strong, and has a great contrast with the background.
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Table 2
Stability of different batches of test strips (n=3).

Batch Found (mg/L) CV (%) Naked eye

1 0.242 2.15 -
2 0.251 3.33 -
3 0.247 1.51 -

The samples solutions containing 0.250 mg/L dicamba
" There is no color at all
“There is almost no color
+. -
The color is lighter
4 . )
The color is appropriate

4+ . . ) .
The color intensity of the analyte is strong, and has a great contrast with the background.
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Table 3

The test result of the spiked recovery test (n=6).

Sample Spiked (mg/L) Found (mg/L) Recovery (%) CV (%)
0.050 0.049 98.5 4.4
Irrigation water 0.150 0.155 103.1 2.6
0.300 0.296 98.6 3.0
0.050 0.049 98.2 15
River water 0.150 0.149 99.2 4.0
0.300 0.287 95.6 21

Page 23

The water samples were added with dicamba standard, the final concentration of dicamba was 0.050, 0.150, and 0.300 mg/L. The concentration of
dicamba were analyzed by developed test strip.
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