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Introduction

Deposition of CdTe quantum dots on microfluidic
paper chips for rapid fluorescence detection of
pesticide 2,4-D+

Zhong Zhang,*® Xin Ma,® Mengfan Jia,? Bowei Li, & € Jianhui Rong*® and
Xingbin Yang (@ *2

Rapid detection of pesticides in fruits is an ongoing challenge. The objective of the present study was to
develop novel fluorescent microfluidic paper chips for specific recognition and sensitive detection of the
pesticide 2,4-D through the electron-transfer-induced fluorescence quenching mechanism. CdTe
quantum dots (QDs) were deposited onto cellulose paper (base material) to yield imprinted paper chips
(paper@QDs@MIPs). This method allows the transferability of the molecularly imprinted fluorescence
sensor from the liquid phase to the solid phase (paper base) for rapid and portable analysis. The resultant
imprinted paper chips were effectively characterized, and they exhibited ideal ordered spatial network
structure, chemical stability, and fluorescence property. The paper@QDs@MIPs showed that 2,4-D
binding significantly reduced the fluorescence intensity within less than 18 min, and it achieved satisfac-
tory linearity in the range of 0.83-100 uM and high detectability of 90 nM. The recognition specificity for
2,4-D relative to its analogues was shown, and the imprinting factor was 2.13. In addition, the recoveries
of the spiked bean sprouts at three concentration levels ranged within 94.2-107.0%, with a relative stan-
dard deviation of less than 5.9%. Collectively, the device provided an effective platform for rapid reco-
gnition, convenience, and detection of trace food pollutants in complex matrices, thereby ensuring food
safety and further promoting surface imprinting studies.

health, public safety, and economic development.® Upon
accumulation in food chain, indeed, 2,4-D is associated with

2,4-Dichlorophenoxyacetic acid (2,4-D) is a well-known plant
growth regulator that facilitates the effective control of broad-
leaf weeds in an extensive range of crops. 2,4-D is listed as
one of the top 10 bestselling pesticides because of its promis-
ing endocrine disrupting activities and plant hormone
activity.> The accumulation of 2,4-D in agricultural products
and natural environment not only causes serious pollution to
the environment and ecosystem, but also jeopardizes human
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the occurrence of human cancer, endocrine disruption, acute
congestion, and neurodegeneration.*

2,4-D concentration has already been evaluated by different
analytical methods, such as LC-MS,"® chromatography,>®
electrochemistry,” and surface-enhanced Raman spec-
troscopy.® These technologies are powerful analytical tech-
niques that provide high sensitivity and specificity. However,
these detection methods generally require expensive instru-
ments, complicated sample preparation, and time-consuming
labor; further, the requirements for rapid detection hinder
their further applications. Alternatively, enzyme-based bio-
sensors appear to be a rapid, cost-effective, and simple strat-
egy, although these methods require the separation of
enzymes from the detected pesticides.” Therefore, the con-
venient, rapid, and selective detection of trace amounts of 2,4-
D in the environment remains a formidable challenge.

Quantum dots (QDs) have been often used as fluorescent
markers in fluorescence detection techniques for good photo-
stability, high quantum yield, narrow emission, long fluo-
rescence lifetime, large extinction coefficient, and large Stokes
shift."®'" QDs are widely noted as an effective and attractive
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fluorescence sensor for the analysis of metal ions,'* small
molecules,"® and even biological macromolecules.’®'* Chen’s
group constructed a new ratiometric fluorescence sensor for
visually identifying and detecting 2,4-D in water samples, com-
bining green nitrobenzoxadiazole (NBD) fluorescent dye and
red QDs embedded in silica nanoparticles as signal sources.
The sensor can be used for the selective and sensitive determi-
nation of 2,4-D."®

Molecular imprinting technology (MIT) appears to be able
to enhance the selectivity of QD-based fluorescence sensors in
the detection of specific target substances in a highly sensitive
and selective manner."®"® Molecularly imprinted polymers
(MIPs) were tailored by selectively forming a 3D polymer
network structure with complementary size, shape, and func-
tional recognition sites for specific target analytes.'® Such an
advantage of MIT leads to the development of a novel surface
imprinting technology for overcoming the shortcomings of tra-
ditional MIPs, such as incomplete template removal, small
binding capabilities, low affinity, and irregular material
shapes.'®?%2! Moreover, surface imprinting techniques have
been extensively studied based on core materials such as silica
nanoparticles,”> magnetic Fe;0, particles,*® nanotubes,** and
polystyrene beads.”® Therefore, surface imprinted polymers
exhibit better onsite accessibility, faster mass transfer rate, and
complete template removal.>®™>®

MIP-based fluorescence sensors were constructed on cell-
ulose paper for its relative low cost, convenience, and avail-
ability.”*?®  Microfluidic paper-based analytical ~devices
(WPADs) have recently attracted increased attention owing to
their several benefits, such as miniaturization, automation,
and integration. A microfluidic paper chip is made of paper as
the base material, which has several advantages.®" Firstly, a
paper chip is rich in source, low in cost, and easy to store.
Secondly, paper is porous and is a hydrophilic fiber material
with many hydroxyl groups on the surface, is easy to modify,
has a white background with low detection background, and
can initiate flow in the sample by capillary force without neces-
sitating pumping. Finally, cellulose paper has good biocompat-
ibility for DNA and protein, and the post-treatment is very
simple, environmentally friendly, and non-polluting.”*** Ngo
et al.®® studied the effects of gold, silver, and titanium dioxide
nanoparticle properties on nanoparticle-functionalized paper.
Dou et al.*® performed a Raman test on pig hair extract using a
paper chip. The use of MIPs employing 2,4-D as analysts has
been reported.>®?” Such methods generally require compli-
cated chemical synthesis or modification, and the analysis
time is longer. It is still very necessary to develop a rapid detec-
tion method in monitoring this field. However, there are a few
reports on the combination of MIT with microfluidic paper
chips.

Inspired by these studies, we developed novel CdTe QDs
embedded with MIPs on 3D origami microfluidic paper chips
that can directly monitor 2,4-D based on the electron-transfer-
induced fluorescence quenching mechanism. CdTe-QDs-
embedded cellulose paper acted as the support material, and
the imprinted polymer layer was deposited onto the paper to
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yield an extraordinary MIP-based fluorescence sensor named
paper@QDs@MIPs. Paper@QDs@MIPs was characterized in
detail, and its preparation process, detection sensitivity,
response time, and selectivity were systematically studied.
Moreover, microfluidic paper chips were successfully applied
to complex bean sprout samples with satisfactory results,
proving their extraordinary potential toward the fast detection,
low cost, and accurate quantification of 2,4-D in complex
matrices.

Experimental
Reagents and chemicals

2,4-D, 3-aminopropyltriethoxysilane (APTES), 2-N-morpholi-
noethanesulfonic acid (MES), tellurium powder, 3-ethylcarbo-
diimide hydrochloride (EDC), N-hydroxysuccinimide (NHS),
cadmium nitrate (Cd(NOj),), carbendazol, and sodium boro-
hydride (NaBH,) were obtained from Sigma-Aldrich (Shanghali,
China). Whatman No. 1 filter cellulose paper was acquired
from GE Company (Shanghai, China). Thioglycolic acid,
toluene, phenol, ethanol, and other chemical reagents were of
at least the analytical grade and used directly without further
purification, unless otherwise specified. All the aqueous solu-
tions used in this work were prepared with ultrapure water
(18.2 MQ), which was obtained using a Millipore Milli-Q Plus
system (Millipore, Bedford, MA, USA).

Synthesis of carboxylated water-soluble CdTe QDs

The carboxylated water-soluble CdTe QDs were prepared
according to a previously reported method.?® Finally, carboxyl-
ated CdTe QDs were obtained and stored for use in the dark.

Preparation of fluorescence-sensing cellulose paper substrate
(paper@QDs)

Cellulose paper was cut into 1 cm x 1 cm pieces (10 sheets per
batch). Each cellulose paper was dipped in a culture dish and
about 40 mL of 0.2 mol L' HCI solution was added. After acti-
vating treatment for 20 min, rinsing was carried out three
times with distilled water to remove the excess HCI solution.
Then, these papers were put in 40 mL of 50% (v/v) ethanol/
water solution with 400 pL APTES for 2.5 h. Finally, the excess
ethanol was removed with distilled water to obtain cellulose
paper with amino groups. During the operation, care was
taken to maintain each piece of cellulose paper on the same
side.

Next, 18 mL of 20 mg mL™" EDC solution dissolved with
MES solution (pH = 5.2) was added to 30 mL CdTe QDs solu-
tion. After mixing for 10 min, 18 mL of 10 mg L™' NHS solu-
tion dissolved with MES (pH = 5.2) was added. Further, the
CdTe QDs solution was poured into a culture dish with a cell-
ulose paper sheet and soaked for 1 h, followed by shaking at
room temperature for 12 h under light protection. Finally, the
fluorescence-sensing cellulose paper substrate was washed
3 times in 0.01 mol L™! phosphate buffer solution (pH = 7.0).
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Preparation of imprinted paper chips (paper@QDs@MIPs)

Here, 10 mg of 2,4-D was taken in a culture dish and 20 mL
phosphate buffer was added and mixed well. Then, 40 pL
APTES solution was added and prepolymerization was initiated
by shaking for 20 min. Then, the cellulose paper substrate
grafted with CdTe QDs (2 to 3 sheets per culture dish) was
immersed, taking care to maintain the paper sheet to be in the
upward position. Then, 50 pL TEOS solution was added and
50 pL ammonia solution was shaken for 30 min. The grafted
2,4-D imprinted paper chips (paper@QDs@MIPs) were shaken
for 4 h.

Finally, the imprinted paper was rinsed upon removal. The
resulting fluorescent imprinted paper chips were washed with
distilled water to remove the template and impurities on the
surface, maintaining the same side up, immersed in a mixture
solution of methanol and 0.01 M acetic acid (8:2, v/v), and
shaken for 2 h; the eluent solution was changed every hour.
Then, the paper chip was immersed in distilled water, shaken
for 10 min, and the excess methanol and acetic acid solution
were repeatedly removed 3 times. The prepared imprinted
paper chips were placed in a refrigerator at 4 °C.

For comparison, a control group of paper@QDs@NIPs was
prepared using the same procedure and under the same con-
ditions without the addition of the 2,4-D molecule.

Preparation of microfluidic paper chips

The microfluidic chip was designed using Adobe Illustrator
software and then directly printed on cellulose paper at a
resolution of 2400 dpi through a wax printer. The printed
paper was placed in an oven at 150 °C for 20 s to allow the wax
to completely penetrate into the paper to form a hydrophobic
barrier. The 3D origami microfluidic paper chips were com-
posed of three layers, as shown in Fig. S1.f The size of the
chips were designed to be 5.5 cm X 2.7 cm, diameter of the
sample inlet was 0.6 cm, and distance between the sample
inlet and detection zone (8 x 8 mm?) was 1.2 cm. The central
sample cell was attached to the fluid channel in the uppermost
layer, and the wax hydrophobic barrier could draw the fluid
sample from the sample cell to the detection zone by capillary
force without requiring any external force. The middle layer
was patterned and an 8 x 8 mm? cavity was cut with a knife to
fit the paper@QDs@MIPs assembly. The third layer was com-
pletely printed and then assembled with paper@QDs@MIPs.>

Characterization of imprinted paper chips

The prepared imprinted paper chips were treated with a gold
spray, and the morphology was observed with an environ-
mental scanning electron microscope. Infrared spectrum scan-
ning was performed to observe changes in the groups at each
step of the modification. To examine the thermal stability,
thermogravimetric analysis was performed to study the
relationship between the quality of imprinted paper chips and
temperature changes. In addition, the fluorescence properties
of the prepared imprinted paper chips were examined.
Fluorescence spectrophotometer determination conditions:
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excitation wavelength, 350 nmj; emission wavelength,
450-650 nm; excitation and emission wavelength slit width,
5 nm. Fluorescence images of the microfluidic paper chips
were observed using a fluorescence confocal microscope
(FV1200, Olympus) equipped with a CCD camera.

Applications of microfluidic paper chips

Bean sprout samples were used to determine the actual appli-
cation of the microfluidic paper chips on the detection of 2,4-
D. After removing the bean sprouts skin and washing for 2-3
times, yellow bean sprouts and mung bean sprouts were
rinsed with fresh water and then squeezed into a juice with a
juicer, passed through a 0.45 pm aqueous phase filter, and
finally diluted with water to 100 times and then spiked. Bean
sprout juice and green bean sprout juice were spiked with 2,4-
D at three concentration levels, namely, 5, 10, and 20 pmol L™".
Then, 50 pL solution was added dropwise to the detection
zone of the microfluidic paper chip, and the measurement was
carried out with a fluorescence spectrophotometer to deter-
mine and evaluate the practicality of the method in the actual
complex samples. At the same time, the same samples were
checked using HPLC as the control test.

Results and discussion
Preparation of microfluidic paper chips

The key to preparing 3D microfluidic paper chips with good
fluorescence recognition performance is to ensure that the
basic component of the imprinted paper chip has a good
structure and function. The main preparation processes
(Fig. 1) were divided into three parts: (1) CdTe QDs grafting on
the surface of modified cellulose paper, (2) formation of
imprinted shell on the surface of paper@QDs, and (3) assem-
bly of the imprinted paper chips into microfluidic channels. In
order to prepare an imprinted paper chip with good fluo-

Cellulose paper

Cellulose paper substrate
(paper@QDs)

TEOS | Template
® 2,4-D

Assemble

Imprinted paper chips
(paper@QDs@MIPs)

Microfluidic paper chips

Fig. 1 Schematic illustrations for the preparation of paper@QDs@MIPs
and microfluidic paper chips.
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rescence performance, it was necessary to investigate the
major influence factors including the ratio of the template
molecule to the functional monomer, amount of crosslinking
agent and QDs, catalytic grafting method of CdTe QDs, and
elution reagent. These influence factors were closely related to
the fluorescence properties of the paper chips. For example, if
the amount of crosslinking agent is too small, CdTe QDs
cannot be fixed on the surface of the paper chip and the QDs
can easily peel off from the paper. Moreover, the number of
imprinting sites formed is limited. If there are too many cross-
linking agents, the imprinting layer becomes too thick to
block the fluorescence of the CdTe QDs, which will weaken the
fluorescence of the paper chip; it is also disadvantageous to
allow the interaction between the CdTe QDs and template
molecules, which lowers the sensor’s sensitivity. Through a
few steps of processing, an imprinted paper chip with excellent
fluorescence performance can be achieved.

Conventional paper chips are usually based on enzyme-
linked immunosorbent assays, and recent paper chips based
on colloidal gold color change have been developing
rapidly.’**' The design of 3D origami microfluidic paper
chips is shown in Fig. S1.f Briefly, a 3D origami microfluidic
paper chip mainly consists of three layers of paper. The top
layer comprises a central sample inlet and detection zone con-
nected by a fluid channel that facilitates the inhalation of the
fluid from the sample inlet to the detection zone by capillary
forces. The middle layer is pre-patterned and a square cavity is
measured and cut to fit the assembly of the
paper@QDs@MIPs component. The bottom layer is comple-
tely printed with a hydrophobic material and assembled with
the paper@QDs@MIPs component to maintain good contact
with the square area of the top layer, as shown in Fig. S1A and
B.T Finally, the 3D microfluidic paper chip was assembled
using clamps (Fig. S1C¥). The prepared imprinted paper chip
can be assembled in a prefabricated microfluidic chip to form
a cellulose paper chip with a 3D structure.

Characterization of imprinted paper chips

The morphological structures of the original cellulose paper
(paper), cellulose paper substrate (paper@QDs), and
imprinted paper chips (paper@QDs@MIPs) with an imprinted
layer were observed by SEM, as shown in Fig. 2. From the
image shown in Fig. 24, it was found that the original bare
paper had a large number of cellulose bundles that intersect
to form a 3D ordered spatial network structure, while the cell-
ulose bundle surface was smooth. However, many nanosized
spherical particles appeared on the cellulose bundle of
paper@QDs (Fig. 2B). The distribution of nanoparticles on the
cellulose bundle was relatively uniform. By ultraviolet light
irradiation, the surface of paper@QDs had obvious yellow fluo-
rescence. The fluorescence emission wavelength was also
about 566 nm, which was consistent with the emission wave-
length of CdTe QDs. These results indicate that QDs can be
successfully grafted onto the surface of cellulose paper by cata-
lyzing the reaction of carboxyl group and amino group to form
an amide bond. As evident from paper@QDs@MIPs (Fig. 2C),
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Fig. 2 SEM images of (A) cellulose paper, (B) paper@QDs, (C)
paper@QDs@MIPs, and (D) paper@QDs@NIPs. Inset photographs show
the paper@QDs@MIPs under a UV lamp.

many large agglomerates appeared on the fiber bundle, indi-
cating that the imprinted shell layer was successfully syn-
thesized on the fiber bundle. The fiber structure of the cell-
ulose paper was effectively preserved and exhibited stable pro-
perties during each polymerization process. The inset in
Fig. 2C shows the photographs of the prepared MIPs under UV
light. Evidently, the yellow fluorescence of paper@QDs@MIPs
was very obvious, which can be used for the fluorescence
detection of target molecules. This result indicated that
paper@QDs@MIPs with a hybrid structure was successfully
synthesized. Cellulose paper was used as a support platform,
CdTe QDs were used as fluorescence signal units, and the out-
ermost molecularly imprinted thin layer exhibited specific
recognition performance.

FT-IR spectroscopy was used to determine whether each
step of the reaction carried out on the paper was successfully
grafted or not. As shown in Fig. 3a, the peaks at 1110 cm™"
and 1058 cm™" were strong, which was a stretching vibration
peak caused by -C-O-C, and they correspond to the character-
istic peak of the cellulose paper itself. The Si-O-Si at
1091 em ™" had a wide antisymmetric stretching vibration, and
714 cm™" was the peak of the Si-O symmetric stretching
vibration peak. These characteristic peaks were very obvious in
Fig. 3b and c, indicating that there were a large number of
Si-O bonds on cellulose paper, which proved that the modifi-
cation of the amino group on the paper by the silylating agent
APTES was successful. At the same time, except for Fig. 3a, in
Fig. 3b-d, the peaks of 3411 cm™" and 1643 cm™" appeared
simultaneously, which correspond to the bending vibrations of

the N-H bond, instead of the hydroxyl group of 3310 cm™".

This is because the hydroxyl group has no peak at 1643 cm™".
This symbol shows that a large amount of N-H was contained,
except for bare paper. The C-N vibration absorption peak was
1434 cm™' owing to the fact that the amide bond formed by
the carboxyl group reacts with the amino group. Since only

CdTe QDs have a carboxyl group, the presence of the character-
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Fig.3 FT-IR spectra of (a) cellulose paper, (b) paper-NH,, (c)
paper@QDs, and (d) paper@QDs@MIPs.

istic peaks of the amide bond confirmed the successful graft-
ing of CdTe QDs. In the paper@QDs@MIPs spectrum, because
the imprinted material synthesized onto the surface of the
paper@QDs, the Si-O characteristic peak was found further
enhanced, and the vibration absorption peak of the CdTe QDs
was weakened. These FT-IR results proved that the grafting
reaction of each step had reached the ideal result.

EDX mapping analysis was carried out to further confirm
whether the modification was successful. As shown in Fig. S2,+
the paper sample had only three peaks. One peak was the gold
sprayed during the sample prepared to facilitate conduction,
so the paper sample had only two characteristic peaks. The
results are listed in Table S1.f It was proven that there were
only carbon and oxygen elements in the original paper
sample, and Si and Cd elements were added to the
paper@QDs@MIPs sample. The presence of oxygen (45.71%)
and carbon (51.13%) came from the base material of the
paper, Si (0.34%) was derived from the imprinted layer
material, and Cd (2.82%) was derived from CdTe QDs, demon-
strating that both these materials were grafted onto the paper.
Therefore, the currently used grafting method can con-
veniently modify the CdTe QDs and the imprinted shell layer
on paper.

In addition, thermogravimetric curves have been applied to
investigate the thermal stability of imprinted paper chips.
Thermal stability is also a very significant property of paper
chips in actual use. The results are shown in Fig. S31 for the
TG and DTG curves for paper@QDs@MIPs and
paper@QDs@NIPs. As the temperature increased from 30 °C
to 100 °C, the weight losses of paper@QDs@MIPs and
paper@QDs@NIPs were mainly attributed to the volatility loss
of moisture absorption, and the mass loss was 4.74% and
5.69% for MIP and NIP, respectively. In the range of
100-300 °C, there was almost no weight loss in both the paper
chips, which indicated that the imprinted and nonimprinted
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paper chips have effective thermal stability at temperatures
less than 300 °C. As the temperature continues to increase, the
quality of the paper chip rapidly decreased in the temperature
range of 300-400 °C; this may be due to the decomposition of
the organic material in the paper chips. The fastest degra-
dation rate of the imprinted paper chip is at 361.7 °C. The
mass was stable at 400 °C. The residual amounts for the
imprinted and nonimprinted paper chips were 29.1% and
9.84%, respectively, and the detailed transition temperature
can also be obtained from the peak temperature in the DTG
curve. After the temperature continued to increase to 800 °C,
the quality of the two remains basically unchanged. Therefore,
it can be concluded that the obtained paper@QDs@MIPs and
paper@QDs@NIPs possessed favorable thermal stability at
temperatures below 300 °C.

Fluorescence properties of imprinted paper chip

Fluorescence CdTe QDs (green) were grafted onto the paper
chip and covered with a surface synthetic imprinting layer.
The ability of the imprinted paper chip to continue to emit
strong fluorescence is a critical issue, which was closely related
to the recognition and sensitivity of the paper chip sensor. The
CdTe QDs and the imprinted paper chip had similar fluo-
rescence spectra, and the fluorescence intensity of the
imprinted paper chip was slightly lower than that of the CdTe
QDs fluorescence. However, the position of the largest emis-
sion peak shifted slightly. This was because the covalent
attachment of the carboxyl group on the surface of the CdTe
QDs to the amino group of the silica considerably reduces the
surface charge number of CdTe QDs, thereby lowering the
directional polarization of the molecule next to the CdTe QDs
and reducing the Stokes shift. The simultaneously formed
imprinted shell layer increased the particle radius, resulting in
a red-shift in its emission spectrum relative to the fluorescence
emission spectrum of CdTe QDs.

In addition, the pH of the test solution played an important
role in the fluorescence properties of the imprinted paper
chips because it had a significant effect on the spatial con-
figuration of 2,4-D, surface charge, and fluorescence intensity
of paper@QDs@MIPs.*>** Therefore, the binding ability of the
sensor toward 2,4-D was changed at different pH values.
Fig. S47 shows the effect of pH on the fluorescence intensity of
paper@QDs@MIPs. As the pH increased from 5.0 to 7.0, the
fluorescence intensity gradually increased; however, for pH
values above 7.0, the fluorescence intensity decreased with
increasing pH. The fluorescence intensity is the highest at pH
7.0. In order to achieve better fluorescence detection, we
selected pH 7.0 as the ideal condition for the sample determi-
nation of the experiment samples.

Meanwhile, the response time of the imprinted paper chips
to 2,4-D has been tested. As shown in Fig. S5A,1 when the tem-
plate molecule 2,4-D was added at a concentration of 50 uM in
paper@QDs@MIPs, the fluorescence intensity rapidly
decreased within 18 min; thereafter, the curve basically
became balanced, indicating that the paper chip can achieve a
fluorescence balance within 18 min. As shown in Fig. S5B,f
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the fluorescence intensity of paper@QDs@MIPs showed a
marginal change over the measurement period of 60 min, indi-
cating that the sensor has good physical stability and chemical
inertness under the protection of the imprinted layer.
Therefore, the corresponding fluorescence was determined
after reaction for 18 min as a condition for further study.

Cellulose paper was a relatively uniform material that was
intended to be a commercial paper chip of the future. The
reproducibility and stability of paper chips have been dis-
cussed. At the same time, the stability of paper chips prepared
in separate batches was determined, as shown in Fig. S6A.{
The relative standard deviation (RSD) of the fluorescence
change was 4.8%, indicating that the paper chip prepared by
the method was relatively stable and had good repeatability.
Meanwhile, the fluorescence intensity of the same paper in
different parts was measured, as shown in Fig. S6B.f Five
points on the paper chip, namely, upper, lower, left, right, and
center, were measured at least three times. The RSD of the
fluorescence was found to be 3.7%, which prove that CdTe
QDs were evenly grafted onto the surface of the paper chip.
The fluorescence at the center was comparatively stronger than
that in the surrounding area, and the fluorescence around the
center was weaker than that at the center. In subsequent
measurements, it was the best to use a paper chip in the
central area for measurements, which exhibits stronger fluo-
rescence and sensitivity than the surrounding area.

Fluorescence sensing mechanism

The prepared imprinted paper chips can be used for 2,4-D
recognition and fluorescence detection, and its schematic
diagram is shown in Fig. 4A. When the 2,4-D solution was
dropped on paper@QDs@MIPs, the Meisenheimer complex
was induced between the 2,4-D and amino groups in the QD
surface imprinting site. A strong charge transfer interaction
occurred between the 2,4-D aromatic ring and amino-grafted
paper, and the charge transfers from the carboxyl group to the
amino group. At the same time, the energy received by the
CdTe QDs can be transferred to the complex and gets con-
sumed in a nonfluorescent manner, which results in fluo-
rescence quenching of the CdTe QDs. A change in the fluo-
rescence intensity of paper@QDs@MIPs can be recorded
using a spectrophotometer. Therefore, it can be observed that
the fluorescence intensity of the CdTe QDs also changed as
2,4-D changed. The quenching mechanism can also be
explained by the molecular orbital theory, as shown in Fig. 4B.
In general, the ground-state electrons of CdTe QDs were
capable of accepting the energy of ultraviolet light and then
get excited from a stable valence band to an unstable conduc-
tion band. Subsequently, the excited electrons return to the
ground state due to instability. The CdTe QDs would emit
green fluorescence during this return process. In addition,
after the addition of 2,4-D, a hydrogen bond was formed
between the 2,4-D and the amino group on the surface of the
CdTe QDs, and a strong interaction force causes electron trans-
fer between CdTe QDs and 2,4-D. The UV absorption of 2,4-D
was mainly at 285 nm, which was very close to the conduction
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Fig. 4 (A) Schematic illustration of the QDs fluorescence quenching
mechanism with 2,4-D and (B) schematic illustration of the fluorescence
quenching mechanism according to molecular orbital theory in the (a)
absence and (b) presence of 2,4-D.

band of CdTe QDs. Therefore, as indicated by the arrows in
Fig. 4B, the excited electrons can jump directly to the LUMO
UV and the visible energy level of 2,4-D. Therefore, the excited
electrons return to the ground state in the manner shown by
the dashed line, causing the QDs to undergo fluorescence
quenching.

According to the previous illustration of the detection
mechanism, when the template molecules were adsorbed onto
the surface of the paper chips, the quenching constant would
remain constant within a certain concentration range, and the
concentration of 2,4-D was positively correlated with fluo-
rescence quenching. Therefore, the detection of 2,4-D concen-
tration can be achieved by the change in fluorescence.
Meanwhile, fluorescence quenching during this test followed
the Stern-Volmer eqn (1) as follows:

F()/F:1+stcq (1)

where F, and F are the fluorescence intensities in the absence
and presence of 2,4-D, respectively; Ksy is the quenching con-
stant for 2,4-D; and C is the 2,4-D concentration.

Sensitivity and selectivity of imprinted paper chips

To further evaluate the sensitivity of paper@QDs@MIPs fluo-
rescence sensors, 2,4-D as a template was examined. Under
optimized conditions, the imprinted paper chips detected the
fluorescence spectra with a series of concentrations of 2,4-D
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for its linearity range and sensitivity. As shown in Fig. 5A, as
the 2,4-D concentration increased, the fluorescence intensity
was significantly reduced within a linear range of 0.83-100 pM
and correlation coefficient of 0.996 (Fig. 5B). The limit of
detection (LOD, S/N = 3) was 90 nM, suggesting the potential
for trace analysis. In addition, as shown in Fig. 5C, under the
same 2,4-D concentration, the fluorescence intensity of the
corresponding paper@QDs@NIPs was not significantly
reduced, and the linear range was very narrow, as shown in
Fig. 5D. The difference in this phenomenon was caused by the
lack of specific recognition sites in paper@QDs@NIPs;
further, most of the 2,4-D molecules cannot be identified by
paper@QDs@NIPs. Therefore, this imprinted paper chip
sensor has excellent sensitivity and high selectivity for 2,4-D,
and the calculation of the imprinting factor was 2.13, indicat-
ing that the sensor has the feasibility of determining the
residuals of 2,4-D. Moreover, fluorescence confocal microscopy
can also verify the corresponding fluorescence changes. From
Fig. 6, it is evident that a large amount of red fluorescence
appeared in the cellulose bundle of the paper@QDs@MIPs,
which was red fluorescence emitted by the QDs grafted onto
the cellulose bundle under the UV lamp. When there was no
template molecule, the imprinted paper chips exhibited the
strongest red fluorescence. As the 2,4-D concentration
increased, the imprinted paper chips exhibited increasingly
weak red fluorescence. The correlated fluorescence confocal
images also further demonstrated the fluorescence quenching
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of 2,4-D for QDs. This method proved to be a facile detection
strategy without involving complex sample preparation and
purification requirements.

In addition, the selectivity for 2,4-D was the main indicator
of paper@QDs@MIPs in the actual sample analysis. In con-
trast, the selectivity of the imprinted paper chip was further
examined. Phenol, carbendazim, and toluene were selected for
comparison, because these substances are similar to the 2,4-D
structure. The results are shown in Fig. 7. It is evident that the
imprinted paper chip has a certain recognition ability for the
template molecule 2,4-D, and the fluorescence quenching
intensity of the imprinted paper chip was the largest, indicat-
ing that the imprinted paper chip has better selectivity for 2,4-
D, followed by carbendazim and phenol, with toluene being
the worst. Although the imprinted paper chip had a certain
degree of fluorescence quenching on the structural analogues
of 2,4-D, the quenching intensity on 2,4-D was the highest.
The nonimprinted paper chip shows a marginal difference in
the fluorescence quenching of the four substances, indicating
that it has no specific selectivity for 2,4-D and the recognition
performance is not worthwhile. This difference may be
explained by the difference in the molecular weights and
spatial structures between 2,4-D and the analogues.

Practical applications of fluorescent microfluidic paper chips

To further investigate the applications of paper@QDs@MIPs
in actual sample testing, the prepared imprinted paper chips
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(A) Fluorescence emission spectra of paper@QDs@MIPs in the presence of the indicated concentrations of 2,4-D and (B) Stern—Volmer plots

of corresponding fluorescence intensity; (C) fluorescence emission spectra of paper@QDs@NIPs in the presence of the indicated concentrations of

2,4-D and (D) Stern—Volmer plots of corresponding fluorescence intensity.
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Fig. 6 Fluorescence microscope images of paper@QDs@MIPs with addition of the (A) 0, (B), 10, (C) 20, (D) 40 (E) 60, (F) 80, and (G) 100 pM of 2,4-D.
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Fig. 7 Selectivity of paper@QDs@MIPs and paper@QDs@NIPs to other
template analogues (2,4-D, phenol, toluene, and carbendazol) at the
same concentration.

were used to detect 2,4-D in bean sprout samples. The samples
were spiked at three concentration levels to obtain the average
recovery and RSD values. The results are listed in Table 1. The

recovery of 2,4-D is similar to the addition of the standard,
revealing that the prepared imprinted paper chips could be
used to detect actual food samples. The recovery rate of the
spiked bean sprout sample was 94.5-105.5% and its RSD was
4.7-5.9%. The recovery rate of the mung bean sprout sample
was 94.2-107.0%, and the RSD was 4.4-5.6%. Moreover, the
experiments have shown that the results of this method were
in good consistency with the results obtained by the HPLC
method (Table 1). In other words, the paper@QDs@MIPs
sensor had broader application potential and can be used to
actually detect 2,4-D in actual food samples.

Conclusions

The present study used cellulose paper as the base material
and CdTe QDs as the fluorescence signal material to construct
CdTe QDs microfluidic paper chips. The recognition units
were imprinted on the surface of CdTe QDs for selective detec-
tion. The paper@QDs@MIPs sensor exhibited a fast reco-
gnition rate, low detection limit of 0.12 pM, and imprinted
factor of 2.13 within a linear range of 0.83-100 pM. The
imprinted paper chip has obvious selective recognition per-

Table 1 Spiked recoveries and relative standard deviations (RSD, %, n = 3) for the determination of 2,4-D in bean sprout samples

paper@QDs@MIPs
HPLC

Sample Spiked (umol L") Found (pmol L") Recovery + RSD (%) Determined (umol L™")
Soybean sprouts 0 0 — —

5.00 5.14 102.8 £ 4.7 4.96

10.00 9.45 94.5+5.9 9.89

20.00 21.10 105.5 £ 5.1 20.91
Mung bean sprout 0 0 — —

5.00 4.71 94.2+4.4 4.93

10.00 10.33 103.3 £ 5.6 10.12

20.00 21.40 107.0 £ 4.8 19.62

This journal is © The Royal Society of Chemistry 2019
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formance for 2,4-D, and it is stable, safe, environmentally
friendly, and can be used for detecting 2,4-D in complex food
substrates. Owing to the unique properties of cellulose paper,
this method provides many advantages such as disposability,
portability, low cost, and simple post-processing, which are
not available in generic methods. Moreover, 3D origami micro-
fluidic paper chips display the potential and expansion of the
use of appropriate fluorescent materials to detect different
types of food contaminants.
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