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ABSTRACT: Onsite rapid detection of herbicides and
herbicide residuals in environmental and biological specimens
are important for agriculture, environmental concerns, food
safety, and health care. The traditional method for herbicide
detection requires expensive laboratory equipment and a long
turnaround time. In this work, we developed a single-stripe
microliter plate smartphone-based colorimetric device for
rapid and low-cost in-field tests. This portable smartphone
platform is capable of screening eight samples in a single-stripe
microplate. The device combined the advantages of small size
(50 × 100 × 160 mm3) and low cost ($10). The platform was
calibrated by using two different dye solutions, i.e. methyl blue (MB) and rhodamine B, for the red and green channels. The
results showed good correlation with results attained from a traditional laboratory reader. We demonstrated the application of
this platform for detection of the herbicide 2,4-dichlorophenoxyacetic acid in the range of 1 to 80 ppb. Spiked samples of tap
water, rat serum, plasma, and human serum were tested by our device. Recoveries obtained varied from 95.6% to 105.2% for all of
the spiked samples using the microplate reader and from 93.7% to 106.9% for all of the samples using the smartphone device.
This work validated that the smartphone optical-sensing platform is comparable to the commercial microplate reader; it is eligible
for onsite, rapid, and low-cost detection of herbicides for environmental evaluation and biological monitoring.

The common herbicide 2,4-dichlorophenoxyacetic acid
(2,4-D) is used for the selective control of broadleaf

plants.1 As part of the phenoxyacetic acid family, this herbicide
has been extensively utilized worldwide since 1945 for pre-
venting early fruit peeling and controlling broadleaf weed
growth. As an auxin-type herbicide, 2,4-D kills broadleaf weeds
by causing water and nutrient-carrying cells in weed tissues to
divide and grow uncontrollably.
During their long use, the phenoxyacetic acid herbicides have

undergone extensive toxicity testing and pharmacokinetic
analysis in numerous aquatic and mammalian species.2,3 Some
ester forms of 2,4-D have been observed to be toxic to aquatic
organisms, in which the sensitivity to toxicity increases as the
water temperature rises. With regards to mammalian health
effects, 2,4-D has been extensively studied for both toxicological
concerns and species-specific pharmacokinetics, in addition to
environmental and internal dosimetry evaluations.4−6 Exper-
imental animal studies showed dose-dependent adverse effects
in the thyroid as well as the eyes, kidneys, adrenals, and ovaries.
Delayed neurobehavioral development and changes in neuro-
transmitter concentrations in offspring were also observed in
animals that were exposed to 2,4-D during pregnancy or lacta-
tion after gavages.4 Dogs and cats that ingested food or water
contaminated with high concentrations of 2,4-D developed

acute toxicity symptoms including vomiting, diarrhea, loss of
appetite, lethargy, drooling, staggering, or convulsions.5 Herein,
the detection of 2,4-D in drinking water is of great importance
for environmental monitoring and public health care.
2,4-Dichlorophenoxyacetic acid is an ideal pesticide for bio-

monitoring investigations because it is rapidly absorbed from
the oral route, it has a short plasma half-life, it is not metab-
olized to any significant extent in rats or humans, and methods
have been established for its analysis in blood and urine.6,7

In addition, 2,4-D is rapidly cleared in most species by an active
renal-transport mechanism, although the dog is a notable
exception.6−8 Humans can be exposed to 2,4-D through dermal
contact with plants post application by handling products
containing 2,4-D, directly dropping onto the skin, breathing it
in during spray operations, or eating or drinking contaminated
food products (i.e., unwashed fruits and vegetables). Due to the
widespread utilization of 2,4-D for the control of weeds, the
detection of 2,4-D in biological samples, especially in blood and
noninvasively in saliva, is of great significance for quantitative
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biological monitoring in support of exposure surveillance and
epidemiology investigations.6,7

Historically, many classical analytical methods have been
used for agricultural chemical detection, such as traditional elec-
trochemistry,8 chromatography,9,10 Raman spectrometry,11 and
fluorescence spectrophotometry.12 In the past few years, dif-
ferent novel methods, such as applying nanomaterials, have
been utilized by our group for biological monitoring, thus
improving sensitivity.13−18 However, these methods still have a
number of requirements, such as a lengthy amount of time and
expensive and bulky laboratory equipment, which limit the
ability of these techniques for rapid onsite determination.
In recent years, developing smartphone-based, portable, and

low-cost devices have attracted the attention of many researchers.
The smartphone is a multifunctional platform with high-speed
computing capability and a high-quality camera. Although
smartphones have broad applications as a communication tool,
they are now being adapted as sensing platforms offering greater
accessibility and significant financial savings over traditional
laboratory instruments.19 For those reasons, the smartphone-
based portable device has a promising potential for onsite
sensing applications. Recently, several different types of
smartphone detection devices have been developed.20 Examples
of these include smartphone microscopes,21−23 fluorescence
readers,24 test strip readers,25 microfluidic chip readers,26,27

optical spectrum readers,28 and colorimetric readers.29 Among
them, colorimetric readers have attracted many researchers
because of the simple designs and operation. For smartphone-
based colorimetric readers, light-emitting diodes (LEDs) are
commonly used as the illumination light source, and the camera
in the smartphone is used as the optical sensor, which makes
the device less expensive and accessible to everyone. Recently,
several smartphone-based colorimetric devices for ELISA
applications have been reported. For example, as demonstrated
by Tang et al., current optical sensors were placed on the top of
smartphone screens which can sense light from 340 to 680 nm.
Various analytical targets were detected through this platform.30

Aung Thiha and Fatimah Ibrahim have applied absorption spec-
trophotometry to measure the absorbance of a sample using a
monochromatic light source and optical sensor with a Lab-on-
Compact Disc (LOCD) ELISA platform for dengue detec-
tion.31 H.T. Luong’s group developed a simple hollow case as
a holder to place the smartphone for a 96-well microplate
colorimetric signal reading. It allows for the smartphone camera
to capture the image of the yellow color of the microplate
directly for ELISA bioanalytical applications.32,33 In order to
improve the accuracy of detection, a smartphone-based micro-
plate reader was developed by us to read the colorimetric
signals of a 64-well microliter plate.34 LEDs were used as the
illumination light source for the devices, and the camera in the
smartphone is used as the optical sensor; in all, complex mech-
anical designs were avoided by using a smaller and lower cost
design. Ozcan and his co-workers used a LED array to illustrate
the 96-well plate and then collected readings via individual
optical fibers. Through a smartphone application (app), diag-
nostic results were delivered to the user for ELISA clinical
detection.35 Compared to the traditional laboratory microplate
reader, which uses an expensive mechanism to scan and read
multiple wells one by one, this kind of imaging-based device
can read all of the samples at the same time. However, for many
applications, fewer numbers of samples are analyzed. For instance,
an eight-well stripe is commonly used instead of a whole micro-
liter plate.
In this work, a compact, smartphone-based, single-stripe

colorimetric reader is designed and tested. Compared to a
microplate reader, the single-stripe reader has a smaller size,
lighter weight, and lower cost, and it is more convenient for
in-field applications. A single image of eight samples is taken
by using our designed smartphone optical platform. Based on
the competitive ELISA kit, we realized the quick and low-cost
determination of 2,4-D at room temperature within 2 h. The
smartphone reader was validated by using spiked samples,
i.e. groundwater, human and rat blood, and urine samples. The
results obtained by our portable device are comparable to the

Figure 1. (A) Configuration of the aperture arrays, microplate stripe, and prism array. (B) Structure of the prism array. (C) Three-dimensional
structure of the smartphone-based single-stripe microplate reader. (D) Actual device with an iPhone 6s for image acquisition. (The strip was partially
slid out in Figure 1D to indicate the entrance for the strip; thus not all eight wells were shown in the smartphone screen.)
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results obtained by a standard microplate reader; hence, it can
be applied to biological monitoring and analysis in the field.

■ EXPERIMENTAL SECTION

Design and Fabrication of the Smartphone Optical
Reader. For high-accuracy and high-sensitivity measurements
of multiple samples in a single microplate stripe, light must go
through each well vertically, and all other light must be blocked
from the camera. For this purpose, two aperture arrays (eight
5 mm diameter apertures in each array) were designed. One of
the aperture arrays is placed beneath the microplate stripe, and
the other is placed right above the stripe (Figure 1A). With the
aperture arrays, signals from wells will also be partially or fully
blocked when the camera is used to take a picture.32 To see
all of the wells in one image without scanning, a prism was
designed to tilt light from each well and to direct to the
smartphone camera (Figure 1). The prism angles and light-
deviation angles are shown in Figure 1B and Table 1.
For a compact and portable device, two mirrors were used to

bend the light path and guide the light signals to the front
camera of the smartphone (Figure 1C). No smartphone holder
was used, and theoretically, any smartphone with a front
camera can be used in this current device. Three miniature
LED light bulbs were used as the light source, and two 1.5 V
button batteries provided the power for the lights. The LED
lights and batteries were embedded into an acrylic board that

was placed above the base board. The backside flash light on
the smartphone can also be used as the light source with a
control app to turn on the backside flash light while working
with the front camera. In that way, the cost and size of the
device can be further reduced. To generate a uniform light field,
a backlight panel was placed under the bottom aperture array
and the LED lights in order to illuminate the backlight panel
from one side. The single stripe will be placed into a stripe
holder and can slide in and out of the device from one end. The
base board, light-source board, and aperture arrays were laser
cut from acrylic boards. The prism array was made by casting
and curing polydimethylsiloxane (PDMS, SYLGARD, Dow
Corning) on a laser-cut prism-array mold. Other components
were 3D printed (uPrint SE, Stratasys, Eden Prairie, MN,
U.S.A.) and assembled. The device has a height of 50 mm, a
width of 100 mm, and a length of 160 mm. The manufacturing
and material cost of the device is about $10.

Image Capture and Analysis. In this work, an iPhone 6s
(Apple, Inc., Cupertino, CA, U.S.A.) smartphone with a 5-mega-
pixel front-facing camera was used with the reader (Figure 1D).
A free mobile app Yamera (AppMadang) was used in the
acquisition of images. With this app, we were able to control
the exposure time (shutter time), ISO value, and white balance
for consistent conditions. During the experiment, the exposure
time was fixed as 1/107 s, and the white-balance temperature
and tint were fixed at 5882 and 6, respectively. Different ISO

Table 1. Light-Deviation Angles and Prism Angles of the Prism Array

light deviation angle 18.64° 12.68° 6.4° 0° 0° 6.4° 12.68° 18.64°
prism angle 42.80° 30.42° 15.83° 0° 0° 15.83° 30.42° 42.80°

Figure 2. (A) UV spectrum with different concentrations of methyl blue obtained by a laboratory microplate reader. (B) Correlation of results
obtained by laboratory microplate reader and the smartphone single-stripe reader using the red channel. (C) UV spectrum with different
concentrations of rhodamine B obtained by a laboratory microplate reader. (D) Correlation of results obtained by using a laboratory microplate
reader and the smartphone single-stripe reader using the green channel.
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values were used to compare the effects of acquisition condi-
tions on the accuracy and sensitivity of the device. Three
images were taken each time, and the average intensity of these
images was used as the final result.
For image analysis, a Matlab (Mathworks, Natick, MA,

U.S.A.) program was developed to automatically calculate the
mean light intensity of each well in the images. The Matlab
program output the mean-intensity values of the red, green, and
blue (RGB) channels of each well. The absorbance of the
sample was calculated by using eq 1:

= −A T Tlog ( / )10 0 (1)

where A is the absorbance, T is the mean intensity of the
sample, and T0 is the mean intensity of the reference obtained
under the same image-capture conditions.
Preparation of Two Serial Color Dye Solutions and

Calibration of the Smartphone Reader. The center wave-
length can be different for different cameras, and the details
about an iphone 6s camera is unknown. To calibrate the per-
formance of the reader, we separately calibrate the Red,
Green, and Blue channel. Methyl blue and Rhodamine B are
commonly used dyes. Methyl blue has an absorbance peak at
604 nm, and Rhodamine B has a peak absorbance at 558 nm.
These two absorbance peaks are close to the center wavelength
of Red and Green channels; thus, those two dyes were selected
to calibrate the Red and Green channels. For red channel,
Methyl blue (≥98%, peak absorption at 604 nm), which was
purchased from Sigma-Aldrich (St. Louis, MO, USA), was
serially diluted with DI water from 0 to 50 μg/mL with 16
samples. Deionized (DI) water was used as the blank control.
For green channel, Rhodamine B (RhB, ≥ 95%, peak absorp-
tion at 558 nm) was purchased from Sigma-Aldrich (St. Louis,
MO, USA). It was serially diluted in Deionized (DI) water from
0 to 20 μg/mL with 16 samples. The samples were read by
using both the smartphone single-stripe reader and a laboratory
microplate reader (Tecan Safire2, Man̈nedorf, Switzerland).
From Figure 2B,D, it shows that the results obtained by the
smartphone device exhibited a good correlation to the results
obtained by the laboratory microplate reader. The linear
regression shown in figures revealed that the smartphone-based
device has good detection ability to standard dye solutions.
Principle and Fabrication Process of the 2,4-D

Immunosensor. The commercial 2,4-D ELISA kit was pur-
chased from Abraxis Inc. (Warminster, PA). All of the reagents
mentioned below were provided by kits. The test is based on a
direct competitive ELISA for the specific recognition of
antibodies toward 2,4-D. Before the experiment, a secondary
antibody (goat anti-mouse) had been immobilized on the
commercial wells of the microliter plate. Then 2,4-D and HRP
labeled 2,4-D (2,4-D-HRP) analogue compete for the binding
sites of the mouse anti-2,4-D antibodies in the solution and
bound to the second antibody conjugated on the well. After a
washing step and addition of the color solution which contains
TMB (3,3′,5,5′-Tetramethylbenzidine) and H2O2, a blue color
signal is generated for the HRP (horseradish peroxidase)
catalytic reaction. The color reaction is stopped after adding the
stop solution at a specified time. Then the color is evaluated
using a laboratory microplate reader and the device. The
intensity of the yellow color is inversely proportional to the
concentration of 2,4-D present in the sample.
The commercial 2,4-D ELISA kit has 96 wells which can be

broken into 12 single stripes. For the fabrication process, the
experiment followed the assay protocol with minor modification.

First, we add a mixture solution of 50 μL of standard 2,4-D
solutions of different concentrations, 50 μL of 2,4-D-HRP
solution, and 50 μL of antibody solution into each well of an
eight-well stripe. After 75 min incubation at room temperature
with a cover, the wells were washed three times with 250 μL of
5-times diluted washing buffer. The remaining washing buffer in
the well was removed by patting the plate inversely and dried
on a stake of paper towels. Then 150 μL of color solution
which contains H2O2 and TMB color reaction system were
added into each well and incubated for 15 min at room
temperature. After that, 100 μL of stop solution were added
into each well and the stripe was ready for reading, the color
was changed from blue to yellow. For the blue channel, TMB
with stop solution, with a peak absorbance at 405 nm, was used
to calibrate.

Real Sample Analysis with the Proposed Device on
Commercial 2,4-D Kit. Four different matrices were evaluated
for 2,4-D detection and quantification. Since 2,4-D in tap water
can lead to drinking water exposure, by monitoring 2,4-D in tap
water, we can determine if the water system had been polluted.
For biological monitoring, the detection of 2,4-D in blood can
be used as an indicator of 2,4-D exposure. In this work, tap
water was obtained from the lab tap of Washington State
University. The real blood samples (rat plasma, rat serum,
human serum) were purchased from bioreclamation IVT. All
the blood samples are obtained from pooled gender and not
filter treated rat plasma, disodium EDTA was used as
anticoagulant. The samples used in our work for detection
were original solution without any dilution. All spiked samples
were prepared by the standard addition method. A range of
2,4-D concentrations were spiked into tap water and blood
samples. By substituting the readouts into the linear relation-
ships obtained, the concentrations of spiked 2,4-D can be
calculated. The concentration found by smartphone device or
microplate reader were the average value obtained from three
times of calculation. Recovery rate is calculated by dividing the
calculated concentrations by the original concentrations of the
spiked samples.

■ RESULTS AND DISCUSSION
Optimization of 2,4-D Kit Conditions. Since the incuba-

tion time of the mixture is critical to the binding of the targets
and antibody on the plate, it can affect the final performance of
the immunosensor. Therefore, a control group (0 ppb, 2,4-D)
and an experimental group (5 ppb, 2,4-D) were investigated
simultaneously to evaluate the final output on traditional
microplate reader. We tested the incubation time of the 2,4-D
kit from 15 to 90 min. As shown in Figure 3, the results
suggested that with the incubation time increased from 15 to
75 min, the reader-output value of the control and experimental
group kept increasing in a similar trend up to 75 min, but as the
time increased from 75 to 90 min, the reader-output value of
the control and the experimental group both decreased. One
possible reason for the decrease of signal is because of the
activity of the antibody decreased with the prolonging of
incubation time. with the reaction time extending. The largest
difference was observed at 75 min. As a result, in our experi-
ment, 75 min was chosen as the best incubation time for the
competitive ELISA reaction.

ISO Optimization of Smartphone Optical-Sensing
Platform for 2,4-D Kit. To get the best photographing
conditions, we chose several different ISO values to identify the
best detection conditions for 2,4-D using the blue channel.
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A series of ISO values from 132−230 and 344−601 were tested
(all other factors such as exposure time and white balance were
fixed). The measurement results are shown in Figure 4, and the
optimized ISO value is 132. When ISO is lower than 132, the
overall light intensity became low, and the background was
interferential. When the ISO is higher than 132, the linear
correlation coefficients gradually decreased, especially after
601, and the linear correlations of data between the smartphone
and reader were poor. Therefore, an ISO value of 132 was
chosen for the best linear-detection conditions. As can be seen
in Figure 4, the smartphone device readout range is small
(∼0.1−0.4) compared to the range of the commercial reader
(∼0.1−1.2). This is the limitation of the low-cost smartphone
camera sensor and may result in lower resolution compared to
that of the commercial reader.

2,4-D Kit Linear Detection with the Smartphone
Platform and the Commercial Microplate Reader.
Under the above optimized incubation time and detection ISO,

Figure 3. Effects of conjugation time to absorbance output on
laboratory microplate reader for detection of 5 ppb of 2,4-D (black
dashed line: 0 ppb 2,4-D; red line, 5 ppb 2,4-D).

Figure 4. Calibration of the blue channel between smartphone-based device output and reader output for the detection of 2,4-D. (A) ISO 132.
(B) ISO 230. (C) ISO 344. (D) ISO 601.

Figure 5. (A) Linear relationship between microplate reader output vs the logarithm of target concentration. Inset: visual figure of single stripe vs
different concentrations of target 2,4-D (B) Linear relationship between smartphone output vs the logarithm of target concentration. Inset:
smartphone image of single stripe vs different concentrations of target 2,4-D (from left to right: 80, 60, 40, 20, 10, 5, 2 and 1 ppb).
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a series of different concentrations of standard 2,4-D samples
were detected by our device under optimum detection con-
ditions. With increasing analyte concentration, as shown in
Figure 5A, from right to left, the color tends to be lighter, from
deep yellow to light yellow. With lower concentrations of
2,4-D, more of the 2,4-D-HRP analogue bound with the mouse

anti-2,4-D antibodies were immobilized on the wells of the
microliter plate. Higher signal was attained for the catalytic
HRP to the color solution (TMB and H2O2). With increas-
ing 2,4-D concentration, more of the 2,4-D will compete
with the 2,4-D-HRP analogue to conjugate with mouse anti-
2,4-D antibodies and a second antibody (goat anti-mouse).

Figure 6. Linear calibration of microplate reader output vs the logarithm of target concentration in (A) tap water, (C) rat serum, (E) rat plasma, and
(G) human serum. Linear calibration of smartphone-based device output vs the logarithm of target concentration in (B) tap water, (D) rat serum,
(F) rat plasma, and (H) human serum.
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Less of the 2,4-D-HRP will be bound to the well, and any
excess will be removed during washing (3×). Hence, the signal
response is inversely related to 2,4-D concentration. The results
obtained by smartphone showed a good linear relationship
with the logarithm concentration of 2,4-D, and this relation-
ship is comparable to the absorbance measured by a standard
microplate reader with 2,4-D concentrations ranging from 1 to
80 ppb. The linear coefficient of the standard reader is y =
1.080−0.500·logC (R2 = 0.983), while the coefficient of the
smartphone device is y = 0.379−0.170·logC (R2 = 0.995).
Spiked Sample Detection of 2,4-D with the Smart-

phone Platform and Microplate Reader. As shown in
Figure 6 A,B and Table 2, for the tap water samples, there is a
good linear relationship for both the smartphone readout and
microplate reader readout vs the logarithm concentration of
spiked 2,4-D from 2 to 50 ppb. Within this range, three differ-
ent spiked tap water samples with different concentrations of
2,4-D were detected by using the standard microplate reader
and the smartphone device. The recovery rates were in the range
of 95.6−103.8% with relative standard deviations (RSDs) of
1.76−3.27% for the standard microplate reader, and 97.1−104.2%
with RSDs of 3.29−5.04% for the smartphone-based device.
For blood samples, similar steps were followed for sample

preparation and detection with the smartphone device and the
laboratory microplate reader. As shown in Figure 6C,D, in rat
serum sample, a linear relationship in the range of 5−40 ppb
was obtained by the microplate reader, and a linear relationship
in the range of 2 to 40 ppb was attained by the smartphone
device. However, for the rat serum sample in Figure 6E,F, a
good linear relationship in the range of 2.5−40 ppb was
obtained by the microplate reader and the smartphone device.
Similarly, in Figure 6G,H for human serum samples, a good
calibration curve from 1−40 ppb was obtained both by the
microplate reader and the smartphone device. For the recovery
experiment, as shown in Table 2, high recovery rates were
attained for spike sample detection in human and rat blood
samples within the range of 96.2−105.2% with RSDs of
2.13−4.12% for the microplate reader, and within the range of
93.7−106.9% with RSDs of 2.46−5.63% for the smartphone
device. The results obtained by two different methods showed
similar recovery rates and narrow RSD ranges. Overall, these
results demonstrated that our smartphone device has a high
reliability, which is comparable to the commercial standard
laboratory microplate reader.
Stability and Reproducibility of 2,4-D Detection on

Smartphone Platform and Reader. Six parallel tests were

carried out to confirm the stability and reproducibility of our
experiment and the feasibility of the smartphone-based device
for determination. In comparison with the results obtained from
the traditional reader, the smartphone-based device shows results
with a deviation ranging from 1.3%−4.4% between groups and
2.1%−5.3% within groups after eight readings. The results
support the claim that the smartphone-based device has high
accuracy and good reproducibility.

■ CONCLUSIONS

In this work, a smartphone-based single-stripe reader for rapid
in-field detection of herbicides was developed offering smaller
size, lighter weight, lower costs, and most importantly it is
designed for use in the field. A prism array was used to guide
light from eight wells into the smartphone camera, and two
mirrors were used to achieve a compact device. All of the com-
ponents were assembled in a 3D-printed black box. Under the
illumination of three mini LED light bulbs with two 1.5 V
batteries, the device was validated with good sensitivity.
Reliable linear relationships for detection were obtained
with a series of standard dye solutions using rhodamine B
and methylene blue. Afterward, the smartphone optical-sensing
platform was put into practical application for 2,4-D detection
using competitive ELISA. Different concentrations of 2,4-D
from 1 to 80 ppb were detected with good linear relationships.
Detection limits are down to 1 ppb, which is comparable with
those of the laboratory reader. We also evaluated the device for
spiked environmental (water) and biological samples (rat and
human plasma/serum). The results showed high recovery rates.
The repeatability test results showed that the smartphone
device has a good reproducibility. The new smartphone-based
device provides a good platform for in-field detection of
herbicides which will have potential applications in environ-
mental, public health monitoring, and disease prevention.
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