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Simple and sensitive colorimetric detection of a
trace amount of 2,4,6-trinitrotoluene (TNT) with
QD multilayer-modified microchannel assayst

Tao Hu,® Wen Sang,? Ke Chen,® Hongxi Gu,” Zhonghua Ni*® and Shaogin Liu (2 *°

Rapid and selective detection of trace levels of nitroaromatic explosives, in particular, 2,4,6-trinitro-
toluene (TNT), is a key challenge for both public security and environmental monitoring. In the present
study, we fabricated two colored quantum dot (QD) multilayer-decorated microchannel assays via a
layer-by-layer assembly technique. Due to the energy transfer between red QDs and green QDs, the
fluorescence intensity of the red QDs significantly enhanced. When the assays were exposed to TNT
aqueous solution, the formation of Meisenheimer complexes between the electron-poor aromatic
groups of TNT and electron-rich amines on the surface of the red QDs caused fluorescence quenching
of the red QDs and partial recovery of the green QDs, thus resulting in multicolor changes of the
multilayers from red to yellow to green and then to colorless. The assay has a broad linear range of
10 ppt to 107 ppt and low detection limit (5.24 ppt) for TNT. The specificity of this assay for the detection of
TNT is demonstrated against several TNT analogs. Additionally, this technique was successfully applied to
detect TNT concentration in different water samples. Due to its simplicity, short detection time, high

rsc.li/frontiers-materials

Introduction

The rapid, sensitive and selective detection of small amounts of
nitroaromatic explosives, in particular, 2,4,6-trinitrotoluene
(TNT), has been a key challenge due to the increasing threat
of explosive-based terrorism and the need of environmental
monitoring of drinking and waste water.' A great number of
elegant methods, including chromatographic separation
techniques, mass spectrometry,”® ion mobility spectro-
metry,” electrochemical strategies,® " electrochemiluminescence
and spectroscopic approaches,”™® have been successfully
applied for explosive detection. Although these techniques have
some advantages, most of them suffer from limitations such as
the requirements for expensive equipment, complex operation,
and lack of portability. Furthermore, sophisticated vapor sampling,
instrument calibration and pre-concentration procedures have
greatly hampered wide applications of the abovementioned
methods.'®'” To overcome these limitations, many efforts have
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sensitivity and low cost, the assay is well suited for the detection of ultratrace levels of TNT.

been paid to develop sensitive, real-time, portable and cheap
detection systems to monitor ultratrace levels of explosives.
Among these efforts, fluorescence-quenching detection of
nitroaromatic explosives has become a powerful tool due to
its low cost, portability and ability for specific and rapid
identification."”®° The fluorescence-quenching technique
relies on photo-induced electron transfer from the fluorophore
to the nitroaromatic explosive, most of which are strong
fluorescence quenchers, causing electron-transfer-mediated
fluorescence quenching.>® Due to the high fluorescence yield
and the ability to form donor-acceptor complexes with nitro-
aromatic explosives, pyrene derivatives,>'>* terthiophene
derivatives,*>?* and their hybrid materials have been used
as fluorophores for the visual detection of nitroaromatic
explosives. Moreover, to overcome the disadvantages of organic
dyes, fluorescent nanoparticles such as quantum dots
(QDs)192022:2426:2930 and  graphene®® have been used for
designing new fluorescence-quenching sensing systems for
nitroaromatic explosives. Due to their variable and sharp emis-
sion peaks, QDs-based sensing systems lend themselves to multi-
channel detection of multiple types of explosives in a rapid single
fluorometric test.*® However, most fluorescence-quenching
sensing systems use changes in the fluorescence intensity of
the fluorophores as the indicator. Therefore, when the concen-
tration of explosives is low or the quenching response of explo-
sives toward fluorophores is poor, fluorescence-quenching
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Fig. 1 (a) Scheme for fabrication of QD multilayers-coated film for visual determination of TNT and the detection mechanism. (b) Schematic illustrations
for the quenching mechanism of fluorescence by TNT analyte. (c) Fluorescence spectra of (PEI/PSS)s(PAH/green QDs)1o(PAH/PSS)s(PAH/red QDs)s

multilayers deposited on glass substrates.

methods do not have sensitive color changes and are thus semi-
quantitative.*”

Herein, we describe a novel microfluidic platform modified
with a QD multilayer for the visual detection of ultratrace levels
of TNT. It is based on multilayers comprising two colored QDs:
water-soluble 3-mercaptopropionic acid (MPA)-capped CdTe
QDs with green emission (green QDs) and r-cysteine-capped
CdTe QDs with red emission (red QDs). As shown in Fig. 1a,
green QDs and red QDs were sequentially deposited on glass
slides using a layer-by-layer (LbL) assembly technique. Due to
the Forster resonance energy transfer (FRET) that occurs
between the red and green QDs,*”*° the fluorescence intensity
of the red QDs was markedly enhanced. Upon exposure to
low-concentration nitroaromatic explosives, the electro-poor
nitroaromatic groups of the explosives initially react with the
electron-rich amines on the surface of the red QDs in the outer
layer of the two-colored QD multilayers to form Meisenheimer
complexes,*® causing fluorescence quenching of the red QDs
and partial recovery of the green QDs (Fig. 1b). By measuring
the ratio of the green and red emission intensities, detection
limits in parts-per-trillion (ppt) can be achieved. Further
increasing the concentration results in the penetration of the
nitroaromatic explosives into the inner layer of two-colored QD
multilayers. Electron deficient nitro-aromatic explosives can act
as electron acceptors for photoexcited electrons of the green
QDs, leading to fluorescence quenching. The proposed sensing
concept was further integrated with the microchannel array
analysis method to generate a visual assay. The as-obtained
microfluidic assay can be easily integrated with devices such as
cameras and UV lamps, and are highly promising for the
realization of portable, real-time, and cheap platforms for the
visual monitoring of ultratrace levels of explosives. Thus, such
microfluidic chips can be conveniently utilized for rapid,
in-field water examination and monitoring.

Experimental section
Materials

TNT at a concentration of 1 mg mL ™" in acetonitrile was pur-
chased from Aladdin (Caution: All nitroaromatic compounds
used in the present study are highly explosive materials and
should be handled only in small quantities). Cd(ClO,),-6H,0,
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Al,Te; powders and mercaptopropionic acid (MPA) were purchased
from Alfa Aesar. 1-Cysteine hydrochloride, poly(ethylenimine)
(PEL, MW 70 000), sodium polystyrenesulfonate (PSS, MW 70 000),
poly(allylamine hydrochloride) (PAH, MW 8000-11000) were
purchased from Sigma-Aldrich. Other reagents were commercially
available and of analytical reagent grade or the highest available
purity and used without further purification. Ultrapure water
obtained from a Millipore water purification system (=18 MQ,
Milli-Q, Millipore) was used in the entire study.

Apparatus

UV-vis-NIR absorption measurements were performed using
a Hitachi U4100 spectrometer. Fluorescence spectra were
recorded using a Fluoromax-4 spectrometer (Horiba Jobin
Yvon) with an excitation wavelength of 420 nm. All solutions
were loaded in a 10 mL plastic syringe and injected into a
microchannel by a programmable syringe pump (KDS201, KD
Scientific, Inc.). Transmission electron microscopy (TEM)
images were taken by FEI Tecnai G*20 S-TWIN transmission
electron microscope.

Microfluidic chips fabrication

A standard soft lithography technique was used to fabricate the
PDMS microfluidic chip. The silicon substrate was prepared by
cleaning in a solution of H,SO,/H,0, (3/1, v/v) at 120 °C for
20 minutes and then dehydrating on a hot plate at 200 °C for
30 minutes. A 50 pm-thick SU-8 2050 layer was spun onto the
silicon substrate with a spin speed of 500 rpm for 10 seconds,
followed by a spin speed of 3000 rpm for 30 seconds. The
substrate was subsequently baked on a hot plate at 65 °C for
2 minutes and at 95 °C for 7 minutes after quiescence for
30 minutes. After the substrate was cooled to room temperature,
UV exposure was performed in a UV mask aligner with an exposure
power density of 18 mW cm ™ for 50 seconds. The silicon substrate
after exposure was treated at 65 °C for 2 minutes and at 95 °C
for 7 minutes. After cooling to room temperature, the substrate
was immersed in SU-8 Developer with ultrasonic cleaning for
7 minutes to remove the unexposed photoresist. After cleaning
with deionized water, the male mold was treated at 200 °C for
30 minutes.

PDMS prepolymer was thoroughly mixed with a curing agent
at a weight ratio of 10:1 and poured onto the prepared male
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mold in a petri dish. After curing at 80 °C for 2 hours, the PDMS
layer was detached from the silicon wafer and cut into 1.5 cm
wide pieces. Two holes with a 0.75 mm diameter were perfo-
rated on both ends of each channel successively. After treat-
ment in a plasm cleaner for 5 minutes, both the PDMS layer
and glass substrate were brought into contact and bonded
together to enclose the microfluidic channel and complete
the chip. Finally, the chip was put in an oven at 120 °C for
3 hours to enhance the bonding strength of PDMS and glass
substrate.

TNT determination

The procedure performed for TNT determination on a glass
substrate sensor was as follows. (1) The sensor was first
incubated with aqueous TNT solutions of different concen-
tration for 10 min. (2) The sensor was taken off, dried by N,
flow and then observed via fluorescence spectroscopy or
directly by the naked eye under the UV light.

The procedure for TNT determination using a microfluidic
chips was almost same as that with glass substrates: TNT
aqueous solutions of different concentration were filled
in different microchannels using an injection pump or an
injection syringe and incubated (no flow) for 5 min, and then
observed by naked eyes under UV light.

Results and discussion

The TNT visual microfluidic platform, illustrated in Fig. 1a,
consists of two colored QD multilayer-coated microchannels,
which were fabricated through the stepwise deposition of green
QDs or red QDs with polyelectrolyte (the detailed information
of green QDs or red QDs are shown in Fig. S1 and S2 (ESIY);
green QDs show a fluorescence maximum at 520 nm and red
QDs show a fluorescence peak at 620 nm). We initially
assembled 10 bilayers of PAH/green QDs unit, and then
assembled 3 bilayers of PAH/PSS and 5 bilayers of PAH/red
QDs onto it to obtain a two color-emitting thin film. In order to
control the response of the two color-emitting thin film toward
different concentrations of TNT, the PAH/green QD and
PAH/PSS bilayers were built in 1 mg mL ™" positively charged
PAH containing 1 M NacCl, while the PAH/red QD bilayers were
fabricated in 1 mg mL ' PAH without NaCl. Moreover,
3 bilayers of PAH/PSS were further introduced between the
10 bilayers of PAH/green QDs and 5 bilayers of PAH/red QDs to
avoid red QD penetration into the PAH/green QD multilayers.
Therefore, the inner PAH/green QD layers are thicker and
denser than the outer PAH/red QDs layers. Thus, the perme-
ability of TNT through the inner layers could be limited.*"**
The assembly processes were monitored by UV-vis absorp-
tion spectroscopy and fluorescence spectroscopy (Fig. S3 in
ESIT). UV-vis absorption spectra show that the intensity of the
absorption band at 500 nm correlates linearly with the bilayer
number x. The intensity of the luminescence peak with a maximum
at ~520 nm, attributed to the green QDs, displays a linear
increase as a function of x for the (PEI/PSS);(PAH/green QDs),
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(solid line in Fig. S3b, ESIf). Both UV-vis absorption and
fluorescence spectra are indicative of a stepwise and regular
deposition procedure with almost equal amounts of green
CdTe QDs incorporated in each cycle. However, fluorescence
spectra of (PEI/PSS);(PAH/green QDs);o(PAH/PSS);(PAH/red
QDs), multilayers reveal that the intensity of the sharp peak
at ~520 nm, attributed to the (PAH/green QDs);, unit, exhibits
a consistent decrease, while that at ~620 nm, attributed to red
CdTe QDs shows, a gradual increase along with y (dashed line
in Fig. S3b, ESIf). It should be noted that the fluorescence
intensity at ~620 nm for the (PEI/PSS);(PAH/green QDs);o(PAH/
PSS);(PAH/red QDs)s multilayers is almost 2.5 times that at
~ 520 nm (Fig. 1b), which is probably attributed to energy transfer
from the PAH/green QDs unit to the PAH/red QDs.** The FRET
efficiency of (PEI/PSS);(PAH/green QDs);o(PAH/PSS)s;(PAH/red
QDs), increases with y, and is calculated as 11.7%, 21.6%,
31.7%, 42.4% and 45.6% for y = 1-5, respectively. The thickness
of the multilayer film was characterized by atomic force micro-
scopy (AFM). As shown in Fig. S4 (ESIt), the thickness of the QD
multilayers-coated film was about 45 nm, which is consistent with
the theoretically calculated values.

We first examined the response of (PEI/PSS);(PAH/green
QDs);o(PAH/PSS);(PAH/red QDs)s multilayers deposited on
glass substrates toward low concentration TNT. TNT itself does
not exhibit fluorescence in the wavelength range of 400-700 nm
with 365 nm as the excitation wavelength (Fig. S5, ESIT). Fig. 2a
shows the fluorescence emission spectra of (PEI/PSS);(PAH/
green QDs),;o(PAH/PSS);(PAH/red QDs)s multilayers deposited
on glass substrates in the presence of different concentrations
of TNT at 365 nm excitation. It can be seen that the multilayers
exhibit a fast and sensitive response to TNT. As shown by the
green curve in Fig. 2a, after the multilayer is exposed to 10 ppt
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Fig. 2 (a) FL spectra of (PEI/PSS)3(PAH/green QDs);o(PAH/PSS)s(PAH/red
QDs)s multilayers before and after the addition of different concentrations
of TNT: 0 (black curve), 10 (red curve), 102 (blue curve) and 10 ppt (dark
cyan curve) and pure TNT solution (magenta curve). (b) Photo images of
(PEI/PSS)3(PAH/green QDs);0(PAH/PSS)3(PAH/red QDs)s multilayers before
and after the addition of different concentrations of TNT. (c) Dependence
of the fluorescence emission intensity ratio (/sp0/lg20) of QD multilayers on
the logarithm of TNT concentration.
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TNT for 5 min, a sharp quenching in fluorescence intensity at
~ 620 nm (18%) is observed, whereas the intensity at ~520 nm
increases. Upon increasing the concentration of TNT to
100 ppt, the fluorescence intensity at ~620 nm of the multi-
layers gradually quenches, showing 40% quenching. At the
same time, the fluorescence intensity at ~520 nm shows a
consistent increase. The fluorescence quenching of the red
emission can be attributed to the formation of Meisenheimer
complexes, arising from covalent bonding between the nucleo-
philic cysteine grafted on the surface of red QDs and electron-
deficient nitroaromatic compounds.** Analysis of *C NMR
spectra of a mixture of 2 mM TNT and 6 mM cysteine showed
that the "*C signals of cysteine are shifted upfield by approximately
8.5 ppm and the C; signal of TNT moves from 98.7 to 73 ppm
(Fig. S6, ESIf), confirming that TNT forms a Meisenheimer
complex with cysteine.”® The change in the luminescence color
under UV irradiation of the multilayers after exposure to TNT are
displayed in Fig. 2b. Even ultratrace levels of TNT result in a
distinct color change, and the color of the multilayers varies
from red (10 ppt) to yellow (10" ppt) and then to green (10> ppt)
with the increase in TNT concentration. Furthermore, it can be
found that the intensity ratio of green QDs to red QDs increases
linearly with the logarithm of the TNT concentration in the range
of 10-10° ppt (Fig. 2¢). The limit of detection was calculated to be
5.24 ppt using the formula 3¢g/slope. The fluorescence quenching
efficiency of TNT on (PEI/PSS);(PAH/green QDs);o(PAH/PSS);-
(PAH/red QDs)s; multilayers was analyzed using the Stern-
Volmer equation:

Io/T = K5 +[TNT] + 1 1)

where I, and I are the fluorescence intensities before and after
the addition of TNT, [TNT] is the molar concentration of
the analyte and Ks_y is the quenching constant (M~'). Thus,
the Ks_y of TNT was calculated to be as high as 1.18 x 10° M.

The multilayers also respond to TNT in high concentration.
At high concentration conditions, the red QDs were almost
quenched by TNT, and more TNT could permeate the film and
continue quenching the green QDs gradually with the increase
in concentration. As shown in Fig. 3a, after the multilayer is
exposed to 5 x 10°-107 ppt TNT for 5 min, the fluorescence
at ~520 nm is gradually quenched, while the fluorescence
intensity at ~620 nm of the multilayers remains constant.
Furthermore, it can be found that the color of the multilayers
varies from dark green (5 x 10> ppt) until total quenching
(10”7 ppt) with the increase in TNT concentration (Fig. 3b). The
green fluorescence quenching can be attributed to electron-
transfer between TNT and photoexcited electrons of the green
QDs. The reduction potential of TNT is —0.7 V versus NHE,**
which makes it a good electron acceptor for photoexcited
electrons from the green QDs (Fig. S7, ESIT). The intensity ratio
of the red QDs to green QDs also had a linear relationship
with the logarithm of TNT concentration in the range from
5 x 10° to ~10” ppt (Fig. 3c).

Encouraged by the higher response and distinct color change
of (PEI/PSS);(PAH/green QDs),o(PAH/PSS);(PAH/red QDs)s multi-
layers toward TNT, we fabricated QD multilayer-modified
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Fig. 3 (a) FL spectra of (PEI/PSS)3(PAH/green QDs);o(PAH/PSS)s(PAH/red
QDs)s multilayers before and after addition of TNT with different concen-
tration: O (black curve), 10° (red curve), 10° (blue curve) and 107 ppt (dark
cyan curve) and pure TNT solution (magenta curve). (b) Photo images of
(PEI/PSS)3(PAH/green QDs);0(PAH/PSS)3(PAH/red QDs)s multilayers before
and after the addition of different concentration of TNT. (c) Dependence
of the fluorescence emission intensity ratio (/sp0//g20) of QD multilayers on
the logarithm of TNT concentration.

microchannel visual assays. The combination of QD multi-
layers with microchannel chips could not only decrease the
sample volume and interference from operation, but also
achieve multiplexing, fast analysis and improved storage stabi-
lity of the sensing system.*®° As depicted in Fig. 4a, the (PEI/
PSS);(PAH/green QDs),o(PAH/PSS);(PAH/red QDs)s multilayers
was deposited stepwise on the microchannel chips using
a similar approach as the glass substrates. The diameter of
microchannels is 100 pm. The as-prepared QD multilayer-
coated microchannel fluoresces red color (Fig. S8, ESIT). However,
after the QD multilayers-coated microchannels were impregnated
with TNT aqueous solution of different concentrations, the lumi-
nescence color change of the microchannels was triggered in
5 min. As shown in Fig. 4b, the addition of TNT solution leads to a
luminescence color shift from red to orange to green and then to
colorless as compared with that observed for the control. The
distinct multicolor changes at a low concentration of 10 ppt can
be easily identified visually. It should be pointed out that the limit
of detection obtained with the (PEI/PSS);(PAH/green QDs),o(PAH/
PSS);(PAH/red QDs)s multilayer-coated microfluidic chips is much
lower than that obtained with previously reported QD systems
(Table S1 in ESIT). The above results indicated that that the ability
to monitor TNT was improved in terms of the limit of detection,
linear range and colorimetric output using dual-color QD
multilayers.

To evaluate the specificity of the obtained QD multilayers-
coated microchannel assays for TNT detection, control experi-
ments were conducted using other nitro compounds. The experi-
mental results show that in contrast to TNT, 2,4-dinitropheno
(DNP), 2,4,6-trinitrophenol (TNP) and nitro-benzene (NB) exhibit
negligible color change, even when their concentration is as high
as 10° ppt (Fig. 4c). The lower quenching efficiency of DNP and NB

This journal is © The Royal Society of Chemistry and the Chinese Chemical Society 2019
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Fig. 4 (a) Assembly process of (PEI/PSS)s(PAH/green QDs)io(PAH/
PSS)s(PAH/red QDs)s multilayers-based microchannel assays. (b) Photo-
graphs of microchannel assays before and after exposure to TNT of
difference concentration. The photo was taken under a 365 nm UV lamp.
(c) Response of (PEI/PSS)s(PAH/green QDs);o(PAH/PSS)s(PAH/red QDs)s
multilayers-based microchannel assays toward different TNT analogs. The
concentration of TNT analogs is 10° ppt. (d) (PEI/PSS)s(PAH/green
QDs)10(PAH/PSS)s(PAH/red QDs)s multilayers-based microchannel assays
for visual determination of TNT in real samples.

could be explained by their lower electron accepting character due
to the presence of nitro groups.*® However, although 2,4,6-TNP
had enough nitro groups, the formation of intermolecular hydro-
gen bonding between the hydroxyl and nitro groups may prevent
nitrophenol bonding to the cysteine monolayer grafted on the
red QDs; hence, TNP had lower quenching efficiency.”"*****
This experiment confirms the very high specificity of the QD
multilayers-coated microchannel assay toward TNT.

Moreover, the storage stability of our QD multilayers-coated
microchannel assays was investigated. After the assays were
stored in air for 4 months, we did not observe any change in the
fluorescence color of the assay (Fig. S9, ESIf). This result
indicates that the LbL structure in the microfluidic device
provides a favorable microenvironment to maintain the photo-
chemical properties of QDs, which will be beneficial for the
commercial application of the QD multilayers-coated micro-
channel assays.
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We next used the QD multilayers-coated microchannel
assays to detect TNT in different environmental water samples.
TNT of a wide range of concentration was spiked into tap water
and Jiulong Lake water (Nanjing, JiangSu, China). As shown in
Fig. 4d, it is clearly found that TNT free tap and lake water did
not cause any color change, indicating that the real water
samples had no quenching effect on the assays. Moreover,
the presence of common metal ions has a negligible effect on
the fluorescence of the QD multilayers-coated microchannel
assays. Fig. S10 (ESIt) shows the response of (PEI/PSS);(PAH/
green QDs),o(PAH/PSS);(PAH/red QDs)s multilayers-based
microchannel assays toward different common ions. It can be
found that the presence of 50 ppm K, 50 ppm Na’, 10 ppm
Cu**, 10 ppm Ca**, 10 ppm Fe*", 10 ppm Mg>*, 1 ppm Cd*",
1 ppm Pd**, and 1 ppm Hg>* did not cause distinct fluorescent
quenching. In contrast, the presence of 10> ppt TNT causes a
color shift from red to green. It is noteworthy that the color
change of the assays for TNT solution and different TNT
analogs of the same concentration is identical, regardless of
whether pure water, tap water or lake water (Fig. 4d and
Fig. S11, ESIT). Thus, these results demonstrate that our present
assay can successfully detect TNT.

Conclusions

In conclusion, a simple and rapid QDs multilayers-coated
microchannel assay has been successfully developed to monitor
and measure TNT. Compared with conventional QD-based
fluorescence quenching systems, our proposed assay was con-
structed from two colored QDs. This system provided a rapid
and distinctive colorimetric readout for visual detection of
ultratrace levels of TNT, with a limit of detection of 5.24 ppt.
The microchannel nature of the assay has advantages of less
sample volume, multiple analysis and good storage stability.
The proposed technology has the ability to be fabricated into
inexpensive, portable, easy-to-use and disposable monitoring
systems for explosive residues in water, with environmental
and security applications.
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