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Abstract

The existence of pesticide residues in the hydrosphere, biosphere, and anthroposphere can cause acute or chronic diseases
and deteriorate the environment. Therefore, efficient detection of pesticide residues is of great significance to prevent food
poisoning, control food pollution, and protect human lives by recognizing their distribution and concentration. Herein, a
novel smartphone-coupled three-layered paper-based microfluidic chip is proposed as a facile platform to detect the pes-
ticides. The stereoscopic capillary-driven fluid transport is enabled by the three-layered microfluidic chip configuration.
The detection mechanism is based on the enzyme inhibition reaction and the chromatic reaction. The detection results are
obtained by a smartphone and figured out by colorimetric quantitative analysis. Taking advantages of the above merits, we
demonstrate the utilization of this smartphone-coupled three-layered paper-based microfluidic chip for the effective analysis
of typical pesticides (profenofo and methomyl). The linear ranges of profenofo and methomyl are 0.27-2.1 pmol L™! and
0.14—1.85 pmol L1, respectively. The corresponding limits of detection in the chips are 55 nM and 34 nM, respectively. The
paper-based chips are also highly cost-effective with a total cost of 0.082 ¥ per piece. It can be anticipated that this technique
will open new avenues for the mass fabrication of paper-based microfluidic chips and provide state-of-the-art methods in
the field of analytical chemistry.
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Introduction

Pesticides are widely used in the development of agricul-
tural production, especially in some developing countries
[1, 2]. Pesticides can protect crops from pests in the process
of growth and development, thus stabilizing and increas-
ing the yield of crops. However, excessive pesticide and its
degradation products will permeate into the soil, harden
the soil, and cause environmental pollution in hydrosphere,
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biosphere, and anthroposphere [3]. Furthermore, pesticides
can also accumulate in food, leading to food pollution and
human health harm. Therefore, it is particularly important
to develop a rapid and accurate method for the detection
of pesticide residues [4, 5]. The conventional detection
methods include the high-performance liquid chromatog-
raphy, liquid chromatography-mass spectrometry [6], gas
chromatography-mass spectrometry [7, 8], ion-exchange
chromatography [9, 10], and fluorescence spectroscopy
[11, 12]. Although these methods are highly sensitive, the
preprocessing is complex, time-consuming, expensive, and
labor-consuming, which requires professional personnel to
operate and is difficult to meet the needs for real-time and
rapid detection. Therefore, it is of great theoretical and prac-
tical significance to develop low-cost, convenient, efficient,
and rapid detection methods towards the pesticide residues.

Microfluidic analysis is a new subject in the field of
chemical analysis, medical diagnosis, safety detection, sam-
ple treatment, and micro-reaction [13-21]. It is a compre-
hensive science integrating chip manufacturing, microfluidic
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mechanics, material transport physics, chemical reaction
dynamics, spectroscopy, and modern informatics [22-24].
It can reduce the basic functions of chemical analysis and
detection laboratory to a few square centimeter chip and
strengthen the diffusion and collision between reactants.
The microfluidic analysis is now presenting strong develop-
ment vitality in aspects of accelerating the detection reac-
tion speed, realizing the rapid, miniaturized, and automated
procedure by integrating the sample processing and sample
detection [25-27]. Among the various microfluidic chips,
paper-based microfluidic chips have further promoted the
miniaturization and integration of analytical laboratory
since it was proposed, with the advantages of low cost, no
external driving force, high portability, and environmental
friendliness. Nowadays, they are widely used in the field of
fixed-point medical treatment, environmental monitoring,
and food on-site detection due to the visualization of detec-
tion results [28-32].

Previously, researchers have proposed the pesticide detec-
tion using the paper-based microfluidic chips. The silver
nanoparticle decorated paper-based microfluidic chips are
used to test the thiram and ferbam with subnanomolar sensi-
tivity [33]. A nanoporous cellulose paper-based SERS plat-
form with Gold nanorods is developed to analyze multiplex
hazardous pesticides including thiram, tricyclazole, and car-
baryl by surface-enhanced Raman scattering [34]. Nanoce-
ria-coated paper-based devices as a detection platform are
applied for the analysis of organophosphate pesticides in
an enzyme inhibition assay with acetylcholinesterase and
choline oxidase [35]. A paper-based three-electrode elec-
trochemical biosensor with a mitochondria-modified Toray
carbon paper working electrode can potentially be used as
a portable platform for pesticides detection [36]. A rapid,
on-site, and quantitative paper-based immunoassay platform
with competitive indirect enzyme-linked immunosorbent
assay is established for the efficient pesticide determination
[37]. Food safety monitoring of the pesticide phenthoate can
be achieved using a smartphone-assisted paper-based sen-
sor with bimetallic Cu@ Ag core—shell nanoparticles [38].
Although the paper-based detection platforms have been
proved to be highly efficient in the quantitative analysis of
the pesticides, specific nanoparticles and professional signal
generation methods are essential in the detection procedures.
The disadvantages of the above methods include the weak
interaction between the surface-loaded nanoparticles and
the hydrophilic paper, the additional functionalization of the
paper chip, and the expensive signal acquisition instrument
(SERS or ELISA). Therefore, it is of great significance to
develop a low-cost, portable, and accurate detection method
towards the pesticides.

Herein, a novel smartphone-coupled three-layered paper-
based microfluidic chip is proposed as a facile colorimetric
sensing platform to detect the pesticides. The three-layered
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paper-based microfluidic chips can be massively manufac-
tured by wax printing and heat treatment (Fig. 1a). The ste-
reoscopic capillary-driven fluid transport both in the hori-
zontal plane and in the vertical direction is enabled by the
three-layered microfluidic chip configuration, while the fluid
transport is mainly confined in the horizontal plane for a
single-layered chip. Another advantage of three-layered chip
over the single-layered chip is the capacity to hold more
liquid reagents and to avoid the liquid spilling out of the
chip (Fig. 1b). The setup of the smartphone-coupled three-
layered paper-based microfluidic device is listed in Fig. 1c.
The detection mechanism is based on the enzyme inhibition
reaction and the chromatic reaction (Fig. 1d). The three-
layered paper-based microfluidic chip presents colorimetric
qualitative analysis by naked eyes. Furthermore, the colori-
metric images can be easily captured by a smartphone. Two
types of image processing results (average gray value and
average RGB value) are figured out for the data quantitative
analysis. The proposed detection method is also highly cost-
effective owing to the cheap chip materials and economical
reagent dosage. Taking advantages of the above merits, we
demonstrate the use of these smartphone-coupled three-lay-
ered paper-based microfluidic chip for the effective analysis
of typical pesticides (profenofos and methomyl), showing
superior linear detection ranges and low detection limits.
This work provides a low-cost, portable, visual and sensitive
analysis strategy for the efficient detection of pesticides. We
hope that this technique will open new avenues for the large-
scale fabrication of paper-based microfluidic chips and boost
the state-of-the-art analysis methods in the future.

Experimental
Materials

Acetylcholine, 5,5'-Dithio bis-(2-nitrobenzoic acid)
(DTNB), dipotassium hydrogen phosphate (K,HPO,), and
potassium dihydrogen phosphate (KH,PO,) were purchased
from Aladdin. Acetylcholine esterase was purchased from
Guangdong Dayuan Oasis Food Safety Technology Co.,
Ltd. The standard solutions of profenofos (100 pg mL™",
Acetone) and methomyl (100 pg mL ™!, Methanol) were pro-
vided by the Environmental Protection Research Institute
of the Ministry of Agriculture. Whatman filter qualitative
filter papers (Whatman No. 1) were obtained from Sigma
Aldrich. Whatman No. 1 filter paper is a commercial paper
with medium retention capacity and flow rate. Whatman No.
1 filter paper possesses an aperture of 11 pm and a den-
sity of 88 gm™2. The water used in the experiment is deion-
ized water. All reagents were directly used without further
purification.



Smartphone-coupled three-layered paper-based microfluidic chips demonstrating stereoscopic... 1761

(== 4

1 Designing the chip
structure with CAD and
other drawing software.

=

] paper

b U =

@) 21 pL Reagent

|
{ |No overflow
Overflow =

\9/\9—

single layer three layers

SA L

‘ Enzyme @ Substrate | 3D diffusion

Inhibited Blank
enzyme sample

2 Using Wax printer to print
the designed pattern on

/\Smartphone
& h ‘ @

3 Heating for 2 min in a -
120° C oven. Then folding the
three layers of paper and
binding them with a stapler.

Colorimetric image

Smartphone

. Reagent

hromogenic
region
per chip

Average Gray Value

Average RGB value

\ sisk[eue [eusig

' Chromogenic . Pesticide

| Enzyme inhibition reaction | | Chromatic reaction |

agent sample

Fig. 1 Schematic illustration of the pesticide detection based on the
smartphone-coupled three-layered paper-based microfluidic chip. a
The fabrication process of three-layered paper-based microfluidic
chip by wax printing and heat treatment. b The advantages of three-
layered chip in avoiding the overflow of liquid reagents compared

Sample obtention and preparation

11.9 g of K,HPO, and 3.2 g of KH,PO, were mixed with
1000 mL of distilled water to prepare a NaH,PO,-Na,HPO,
buffer solution (0.1 M, pH 8.0). A stock solution for each
pesticide (profenofos and methomyl) was first prepared in
the buffer solution. The concentration of the stock solution
is 1 pg mL~!, and then the buffer solution was used to dilute
the stock solution into a series of concentration. The con-
centrations of profenofos were 0.27 pmol L™}, 0.54 pmol
L%, 1.074 pmol L%, 1.61 pmol L™!, and 2.1 pmol L™!. The
concentrations of methomyl are 0.14 pmol L™!, 0.31 pmol
L', 0.62 pmol L%, 0.93 pmol L', 1.24 pmol L™}, and
1.85 pmol L',

with single-layered chip. ¢ The setup of the smartphone-coupled
three-layered paper-based microfluidic device. d The three-dimen-
sional transport of reagents, the enzyme inhibition reaction, chro-
matic reaction, the colorimetric qualitative analysis, and the data
quantitative analysis of pesticide

Fabrication of the paper-based chip

A wax printer (Xerox) was used to print the desired shape
and manufacture hydrophobic barriers on the bulk paper.
The architecture of the barriers was designed with the assis-
tance of CorelDraw software. The paper chip was made up
of three layers of unit paper chips with the same structure
(dimensions are shown in Fig. 1). Each unit paper chip was
a square with a side length of 10 mm composed of a hydro-
philic detection area with a central diameter of 6 mm and
a hydrophobic barrier area on the periphery. The printed
paper was heated at 120 °C for 2 min. This allowed the wax
to melt and penetrate the pores in the paper. The prepared
paper chips with hydrophilic and hydrophobic areas were
superimposed and bound with a stapler, so that each layer
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was tightly combined to obtain a three-layered paper-based
microfluidic chip.

Characterization of the paper-based chip

The morphologies and microstructures of paper-based chip
were observed through SEM (S-3400 N, Hitachi). Fourier
transform infrared (FTIR) spectra of the paper-based chip
were captured by FTIR Spectrometer (iS50R, Nicolet) on
a transmission mode. The contact angle measurement was
performed using an optical angle meter system (OCA 15EC,
Data Physics Instruments GmbH). The thermal stability of
the samples was determined using a TGA (TG 209F1 Libra,
NETZSCH) with a heating rate of 10 °C min~! in a nitro-
gen atmosphere. The sample photos were taken by a digital
camera (EOS700D, Canon).

Detection process of the pesticide
on the paper-based chip

3 pL of enzyme, 3 pL of chromogenic reagent, and 12 pL of
the tested sample were added to the detection area of the paper
chip. After reacting for 5 min, 3 pL of substrate was added to
the detection area. The color pictures of the detection reac-
tion were taken by a smartphone and followed by imported
into Photoshop and ImageJ to extract the average RGB value
and average gray value of the color area. Acetylcholinester-
ase, acetylcholine (substrate), and DTNB (chromogenic agent)
used in this paper are prepared according to the methods in
the national standard of the People’s Republic of China GB/T
5009.199-2003. The final concentrations of DTNB and acetyl-
choline are 2.9 M and 8.2 M, respectively. The final concentra-
tions of the tested samples are described in Sample obtention
and preparation. The main novelty of this work is to propose
a smartphone-coupled three-layered paper-based microfluidic
chip and verify the feasibility in the colorimetric detection of
the pesticides. The selectiveness of the selected method can
not be determined at this moment, which will be addressed in
our future work when a variety of pesticides are ready.

Smartphone setup and data processing
of the colorimetricimages

For image acquisition, a smartphone (HUAWEI Nova7, HUA-
WEI Electronics, China) with a 64 million pixels camera
(Photo quality 9000*6000 pixels) was employed. Throughout
the optimization experiments, the photos were recorded using
Open Camera v1.45.2 smartphone application (by Mark Har-
man). During the experimental operation, the smartphone was
fitted on a holder facing the substrate from the top at a distance
of 300 mm. Images were recorded under constant lighting con-
ditions using an in-house fabricated enclosure. Imaging was
done as soon as the sample was introduced on the substrate
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for spot assays. The obtained photos were transferred to the
PC and analyzed using ImagelJ software (National Institutes of
Health, USA). A circular region of interest (ROI) was selected
and applied to each of the taken photos. Then the RGB meas-
ure function was used to obtain mean intensity of red, green,
and blue channel in the selected ROI. To obtain histograms,
a Color Histogram plug-in was used. The image color signal
measurement index of ImageJ] was changed to the average gray
value. In this way, the corresponding measured value can be
obtained. Finally, the average RGB value and average gray
value were imported into the Origin (a function drawing soft-
ware), and the data is fitted to obtain the linear relationship
between each measurement value and the pesticide residue
concentrations.

Calculation of the limit of detection (LOD)

The theoretical LOD is calculated according to the following
formula,

LOD = 37" )

where o is the standard deviation of the average gray value
and k is the slope of the linear equation.

Results and discussion
Characterization and analysis of paper-based chip

A three-layered paper-based microfluidic chip is fabricated
by three consecutive steps of wax printing, thermal matu-
ration, and folding assembly. The selected paper is com-
mercial waterman NOI1 cellulose paper. The length, width,
and height of the obtained three-layered paper-based
microfluidic chip are 10 mm, 10 mm, and 1 mm, respec-
tively. The advantages of the proposed paper-based micro-
fluidic chip over the previous plastic chips made of PDMS
or PMMA include the low cost, easy processing, three-
dimensional water transport, and capillary force driving
without external pumps. The cellulose paper before wax
printing demonstrates banded morphology with a length
of hundreds of microns and a width of about 15 microns.
The magnified SEM images show that the paper surface
possesses fold and porous structure. The wax printing and
thermal maturation obviously change the paper surface
structure. The strip becomes thicker as the result of the
wax infiltration and thermal expansion, with a width of
about 20 microns. The magnified SEM image of the wax-
loaded cellulose paper presents a flat and compact struc-
ture, which can effectively inhibit the wettability water.
EDS mapping (Fig. 2d—f and Fig. 2j-1) indicates that the
cellulose paper before and after the wax printing contains
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Fig.2 Morphology of the cellu-
losic paper before and after the
wax printing. a—f SEM image,
the magnified SEM image, and
EDS mapping images of C, O,
and P elements of cellulosic
paper before the wax printing.
g-1 SEM image, the magnified
SEM image and EDS mapping
images of C, O, and P elements
of cellulosic paper after the wax
printing

Fig.3 a,b FT-IR spectra of the
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C, O, and P elements. It is worth noting that additional
impurities are not introduced into the printed paper by
wax printing and heat treatment, which is conducive to
accurate detection.

The IR absorption spectra of neat cellulose paper and
wax-loaded cellulose paper are listed in Fig. 3. The absorp-
tions at 1049 cm™! in the neat cellulose paper and wax-
loaded cellulose paper are attributed to the stretching vibra-
tion of C-O. The absorptions at 2916 cm™" and 2858 cm™ in
the neat cellulose paper are attributed to the stretching vibra-
tion of -CH,. The absorptions at 2916 cm™" and 2851 cm™!

4000 3500 3000 2500 2000 1500 1000
Wavenumbers (cm™)

4000 3500 3000 2500 2000 1500 1000
Wavenumbers (cm™)

in the wax-loaded cellulose paper are also attributed to the
stretching vibration of -CH,. The absorptions at 3340 cm™!
in the neat cellulose paper and 3343 cm™' in the wax-loaded
cellulose paper are attributed to the stretching vibration of
-OH. It is worth noting that the IR absorption of the cel-
lulose paper after wax loading is almost the same as that of
neat cellulose paper. This result can be ascribed to the fol-
lowing three reasons. One is that the chemical composition
of the cellulose paper is not affected by the heat treatment in
the chip manufacturing. The other is that no additional ele-
ments are introduced into the cellulose paper when loading
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Fig.4 The water wettability of the cellulosic paper before and after the wax printing. a The water contact angle of the cellulosic paper after the
wax printing. b—d Time-dependent water contact angle of a water droplet on the flat cellulosic paper before the wax printing

the wax. The last one is that the combination between the
cellulose paper and the wax is not chemical bonding. The
wax is effectively infiltrated into the pores of the cellulose
paper.

The water contact data are recorded to analyze the wet-
ting property of the cellulose papers used for fabricating
the three-layered paper-based microfluidic chip. The water
contact angle of the wax-loaded cellulose paper is 138.4° as
shown in Fig. 4a, demonstrating its poor affinity with water,
whereas the original cellulose paper is highly hydrophilic.
As shown in Fig. 4b—d, under ambient condition, a water
droplet can be completely spread on the top of the original
cellulose paper within 0.05 s as the result of the existence
of abundant -OH groups and considerable internal holes to
absorb the water. In order to quantify the instinct aqueous
solution transport capacity of the neat.

cellulose paper and the wax-loaded cellulose paper, an
aqueous solution transport experiment is carried out by
observing the flow of the dye aqueous solution on the origi-
nal cellulose paper. As shown in Fig. 5a, a drop of dye aque-
ous solution (50 pL) continuously flows on the neat cellulose
paper with a spread speed of about 2.22 mm s~!, proving the
superior water transport capacity in the horizontal direc-
tion of the original cellulose paper. It is also noted that the
color of the fluid fades gradually along the flow direction,
indicating the superior water transport capacity in the verti-
cal direction. In general, the capillary pumping and osmotic
swelling effect enable the efficient three-dimensional water
transport across the three-layered paper-based microfluidic
chip. The dye aqueous solution is almost immobile on a flat
wax-loaded cellulose paper when placed in a static state
within 2 min (Fig. 5b). The size of the dye aqueous drop
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remains basically unchanged. This result reveals that the
aqueous solution can not be transported in the wax zone
in the static condition. Furthermore, a drop of dye aqueous
solution smoothly rolls on an inclined surface of the wax-
loaded cellulose paper. The dye aqueous drop is not spread
in the rolling process, indicating that the aqueous solution
can not be transported in the wax zone in the dynamic con-
dition (Fig. 5c). The significantly different water transport
capacity of the original cellulose paper and the wax-loaded
cellulose paper as above mentioned is conducive to the con-
fined flow of the aqueous solution in the specific area of the
paper-based microfluidic chip.

The effect of wax printing and thermal maturation on the
thermal stability of cellulose paper is studied by investigat-
ing the degradation behavior of the original cellulose paper
and the wax-loaded cellulose paper under a nitrogen atmos-
phere. The TGA curves and corresponding mass loss rates
are plotted in Fig. 6; neat cellulose paper possesses excellent
thermal stability when the temperature is below 200 °C due
to the stable internal bonding of cellulose. The temperatures
at 5 wt% weight loss of neat cellulose paper and wax-loaded
cellulose paper are 289.8 °C and 323.0 °C, respectively.
Meanwhile, the corresponding mass loss rates are listed
in the inset of Fig. 6a; the temperatures at maximum mass
loss rate (7,,,,) are respectively 354.3 °C and 360.8 °C. The
increased degradation temperatures and 7,,,,, suggest that the
thermal stability of paper is significantly enhanced after the
incorporation of wax. The Horowits-Metzger integral kinetic
equation is selected to examine the activation energy (E,) for
thermal decomposition [39].



Smartphone-coupled three-layered paper-based microfluidic chips demonstrating stereoscopic...

Fig.5 The water transport a
capacity of the cellulosic paper
before and after the wax print-
ing. a The transport of aqueous
dye solution on the cellulosic
paper before the wax printing.

b The contact between aqueous
dye solution and the cellulosic
paper after the wax printing. ¢
The sliding of a drop of aqueous
dye solution on the cellulosic
paper after the wax printing
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where m is the residual mass percentage, AT is
defined as AT=T-T,,,. R is the universal gas constant
8.314 J mol~! K7!, and k is the intercept of the linear equa-
tion. The E, values can be estimated from the slope of the
plot of In(-In m) versus AT (see Fig. 6b). The E, values
of neat cellulose paper and wax-loaded cellulose paper are
calculated to be 74.81 and 129.58 kJ mol~'. The increased
E, can be attributed to the stable thermal stability of the wax
and the interaction between the wax and cellulose paper.
Meanwhile, the increased E, values are also consistent with
the increased decomposition temperatures, further proving
that the incorporation of wax can enhance the thermal stabil-
ity of cellulose paper.

The traditional quantitative detection of pesticide residues is
conducted by expensive large instruments (ultraviolet—visible
spectrophotometer, gas chromatography-mass spectrometry,
liquid chromatography-mass spectrometry, and supercritical
fluid chromatography). The development of quantitative
detection based on paper-based chip is a highly affordable
way to realize the portable detection in various public places,
not just in the lab. The analysis of economic cost is calculated
as follows. A piece of paper-based chip is mainly composed
of detection reagents and paper-based materials. The rea-
gent cost and the paper-based cost are 0.2 ¥/100 pieces and 8
¥/100 pieces, respectively. Therefore, the total cost=reagent
cost + paper-based cost=_8.2 ¥/100 pieces, demonstrating
a highly cost-effective feature. After demonstration of the
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Fig. 7 The mechanism and process of pesticide residue detection in the paper-based chip including hydrolysis reaction, substitution reaction, and

the ionization reaction

stereoscopic capillary-driven fluid transport on the hydro-
philic paper and the completely inhibited water infiltration on
the hydrophobic paper, we integrate the paper-based micro-
fluidic chip with enzyme (acetylcholine esterase), chromog-
enic agent (DTNB), and substrate (acetylcholine) to form a
facile platform for pesticide detection. The detection mecha-
nism is based on the classical enzyme inhibition method (see
Fig. 7). For a blank sample without the pesticides, the whole
detection process consists of the following three steps. The
substrate (acetylcholine) hydrolysis reaction is catalyzed by
the acetylcholinesterase to produce the mercaptocholine, the
substitution reaction between the chromogenic agent (DTNB)
and mercaptocholine to generate the thiosalicylic acid, and
the ionization reaction of thiosalicylic acid to form the cor-
responding yellow anions. For a positive sample containing
the pesticides, the whole detection process consists of the
four steps. The added step is the enzyme inhibition reaction
before the above-mentioned three reactions. It is worth noting
that the reaction activity of acetylcholinesterase is inevita-
bly decreased after interacting with pesticides, presenting a
reduced production of mercaptocholine, thiosalicylic acid,
and the yellow ionic compounds. The detection procedure
is started by adding 3 pL of acetylcholine esterase, 3 pL of
DTNB, and 12 pL of sample solution in turn to the hydro-
philic area in the three-layered paper-based chip. Then, the
sample solution, acetylcholine esterase, and chromogenic
agent are incubated within the hydrophilic area for 3 min to
start the enzyme inhibition reaction. Finally, 3 pL of substrate
solution (acetylcholine) is added on the hydrophilic area to
start the hydrolysis reaction, substitution reaction, and ioniza-
tion reaction. Since the reactions in the detection procedure
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cause the color transition from colorless to yellow, the aver-
age gray values and the average values of red, green, and blue
channel are utilized as the decisive parameters to evaluate
the pesticide level. The accuracy of the average gray values
and the average RGB values of the color pictures obtained
by a smartphone is confirmed by image processing software
(image J and Photoshop).

Establishment of standard curve for two typical
pesticide residues (profenofos and methomyl)

Among various pesticides, profenofos (O-(4-bromo-2-chlo-
rophenyl phosphorothioate) O-ethyl S-propyl) and methomyl
(S-methyl-N-(methylcarbamoyloxy) thioacetimidate) possess
developmental and reproductive toxicity [40—43]. Therefore,
profenofos and methomyl are selected as representative pes-
ticides for the detection in the paper-based chip. Firstly, the
profenofos is taken as a pesticide sample to verify the validity
of the paper chip detection. The color reaction is designed to
be 15 min so as to finish the detection reaction. As shown in
Fig. 8a, the three-layered paper chip presents a brilliant yellow
after completing the color reaction when the concentration of
the profenofos is 0 mg mL~!. The displayed color is getting
lighter and lighter when increasing the profenofos concentra-
tion in the samples. Two optical signal processing methods
are proposed to extract the colorimetric signals from the color
paper chip, namely, the average gray value obtained by image
J and the average RGB value by photoshop. The calculated
optical data demonstrate that the average gray value and the
average RGB value are gradually increased when increas-
ing the profenofos concentration from 0.27 to 2.1 pmol L™,
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Fig.8 Pesticide residue (profenofos) detection on the paper chip. a
Optical images of the displayed color after the pesticide residue trig-
gers the color reaction on the paper chip. b The linear relationship

proving the excellent accuracy of detection. Therefore, we can
establish a linear equation between the profenofos concentra-
tion and the average RGB value (the average gray value) of
the paper chip as shown in Fig. 8b, c. The linear equations are
determined to be Y =8.56X+144.31 and Y =7.38X + 144.79
by using the average RGB value and the average gray value,
respectively. The limits of detection can be calculated to be
60 nM and 55 nM based on 3o/slope rule. Then, another pes-
ticide sample methomyl is also selected to verify the validity
of the paper chip detection. The color reaction is designed to
be 10 min so as to finish the detection reaction. As shown in
Fig. 9a, the three-layered paper chip presents a brilliant yellow
after completing the color reaction when the concentration of
the methomyl is 0.14 pmol L™, The displayed color is getting
lighter and lighter when increasing the methomyl concentra-
tion in the samples. The calculated optical data demonstrate
that the average gray value and the average RGB value are
gradually increased when increasing the methomyl concen-
tration from 0.14 to 1.85 pmol L™, proving the excellent
accuracy of detection. Therefore, we can establish a linear
equation between the methomyl concentration and the aver-
age RGB value (the average gray value) of the paper chip as
shown in Fig. 9b, c. The linear equations are determined to

160
158
156
154
152
150
148
146

144 o . A A A A A A A
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00 2.25

Concentration (umol/L)

Y=7.38X+144.79
R2=0.97202
LOD= 0.055umol/L

Average Gray Value o

between the average RGB value and profenofos concentration. ¢ The
linear relationship between the average gray value and profenofos
concentration

be Y=10.53X+141.97 and Y =10.22X 4 141.67 by using the
average RGB value and the average gray value, respectively.
The limits of detection can be calculated to be 36 nM and
34 nM based on 3c/slope rule. It is worth noting that both
profenofos and methomyl have also been detected by previous
methods such as fluorescence polarization, surface-enhanced
Raman scattering, gas chromatography, HPLC, LC-MS/MS,
and electrochemistry. The corresponding LOD is listed in
Table 1. It is worth noting that the color signal extraction will
have errors when different types of mobile phones are used
for image capturing. Therefore, the same mobile phone (HUA-
WEI Nova7, HUAWEI Electronics, China) with a 64 million
pixels camera (Photo quality 9000*6000 pixels) is used in
this work. An improved signal detector will be equipped to
directly convert the color signal into the digital signal in our
future work, which not only reduces the errors caused by the
mobile phone, but also improves the convenience of the detec-
tor and is more suitable for on-site detection.

Detection of pesticide residues in real samples

After establishing the linear equation between the pesticide
concentration and the optical signals, the pesticide detection
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Fig.9 Pesticide residue (methomyl) detection on the paper chip. a
Optical images of the displayed color after the pesticide residue trig-
gers the color reaction on the paper chip. b The linear relationship

methodology based on the three-layered paper-based micro-
fluidic chip is applied to analyze the real samples. The sam-
ples (upper brassica pekinensis, lower brassica chinensis)
sprayed by methomyl to kill the insect pests and promote
vegetable growth are pre-treated according to a certified
standard (GB/T 5009.199-2003) for the detection as shown

0.93umol/L 1.24pmol/L

ASIMERRC ¢ = S

1.85umol/L

(o)

160y o2xitaner =

R2=0.98166
LOD=0.034pumol/L
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144
142 *

Average Gray Value

140 1 1 1 1 1 1 1
0.00 0.25 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Concentration(umol/L)

between the average RGB value and methomyl concentration. ¢ The
linear relationship between the average gray value and methomyl con-
centration

in Fig. 10a. The testing samples are cut into small pieces to
increase the contact area in the buffer solution. The multiple
shaking can efficiently dissolve the pesticide residue into the
buffer solution. A small volume of sample (12 pL) is added
to the paper chip and triggers the detection reaction. The
color reaction is also designed to be 15 min so as to complete

Table 1 LOD of profenofos and

; Detection substance Detection method LOD Ref
methomyl detected by previous
methods Profenofos Fluorescence polarization aptamer array 13.4 ;M [44]
Fluorescence array 14 pM [45]
Surface-enhanced Raman scattering method 14 pM [46]
Gold-based nanobeacon probe for fluorescence 0.134 pM [47]
Paper-based microfluidic chips 55 nM This work
Methomyl Gas chromatography 0.02 ng mL™! [48]
HPLC-DAD 0.005 ng mL™! [49]
HPLC 1 ng mL™! [50]
LC-MS/MS 0.0013 ngmL™"  [51]
Enzyme inhibition 0.235 yM [52]
Electrochemistry 0.02 pM [53]
Electrochemical detection 0.95 pM [54]
Fluorescence and Electrochemistry 2.23 pM [55]
Paper-based microfluidic chips 34 nM This work
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Fig. 10 Pesticide residue detection of real vegetable samples on the
three-layered paper-based microfluidic chip. a The complete proce-
dure of real vegetable sample detection, including sample pretreat-
ment, analyte extraction, detection reaction and result analysis, upper

the detection reaction. The three-layered paper chip presents
a brilliant yellow after completing the color reaction. By
comparing the visual results with the colors in the standard
pesticide residue detection, we can preliminarily judge the.

trace existence of the methomyl. Furthermore, we use
the data process software to obtain the average gray value
and average RGB value. Firstly, the buffer solution after
immersing brassica pekinensis and brassica chinensis is
used as the negative control sample in the detection pro-
cess. The average gray value and average RGB value are
142.409 and 142.790, respectively. Therefore, 142.409
and 142.790 can be regarded as the background signals
in the detection. For brassica pekinensis, the average gray
value and average RGB value in the methomyl detection
are 148.417 and 148.533, respectively. For brassica chin-
ensis, the average gray value and average RGB value in the
methomyl detection are 148.614 and 148.772, respectively.
By comparing the above optical data (after deducting the
background signals) with those in the calibration curves,
the concentrations of methomyl originated from brassica
pekinensis can be precisely calculated to be 0.588 pmol
L~! and 0.545 pmol L~! (Fig. 10b). The concentrations
of methomyl originated from brassica chinensis can be
precisely calculated to be 0.607 pmol L™! and 0.568 pmol
L. It should be pointed out that the methomyl concentra-
tions calculated by the average gray value and average RGB

brassica pekinensis, and lower brassica chinensis. b The detection
results figured out according to the linear relationship between the
average RGB value and methomyl concentration and the linear rela-
tionship between the average gray value and methomyl concentration

value only generate small differences of —7.31% (for bras-
sica pekinensis) and 6.43% (for brassica chinensis), dem-
onstrating the excellent detection reliability by using the
three-layered paper-based microfluidic chip. In the whole
detection process, the trace reagents, the miniaturized
paper chip, and mobile phone enable the portable detection
of pesticide residue in restaurants, markets, homes, outdoor
sites, or other health departments. What is more, the stabil-
ity and corresponding storage condition of the paper-based
chips are also important since it is designed to be an on-site
use method. Therefore, we are now conducting experiments
on this aspect, which will be presented in our future work.

Conclusion

In summary, we construct a novel smartphone-coupled
three-layered paper-based microfluidic chip as a fac-
ile platform to detect the pesticides. The transport of
the reaction flow is driven by the stereoscopic capillary
force of the hydrophilic paper in the microfluidic chips
without extra driving equipment. The detection mecha-
nism is based on the enzyme inhibition reaction and the
chromatic reaction. Owing to molecular-level interactions
between the pesticides and the acetylcholine esterase and
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the superior affinity between the detection reagents and
hydrophilic paper substrate, the detection process can be
completed within 10-15 min. The three-layered paper-
based microfluidic chip presents colorimetric qualitative
analysis by naked eyes. Furthermore, the colorimetric
images can be easily captured by a smartphone. Two types
of image processing results (average gray value and aver-
age RGB value) are figured out for the data quantitative
analysis. The proposed detection method is also highly
cost-effective owing to the cheap chip materials and eco-
nomical reagent dosage. Based on the above merits, this
work not only provides a simple and economic method
for the detection of pesticides, but also makes a positive
contribution to food safety and environmental protection.
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