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ABSTRACT: Grafting specific recognition moieties onto solid-state nanofluidic
channels is a promising way for selective and sensitive sensing of analytes.
However, the time-consuming interaction between recognition moieties and
analytes is the main hindrance to the application of nanofluidic channel-based
sensors in rapid detection. Here, we show the integration of ordered two-
dimensional covalent organic frameworks (2D COFs) to solid-state nanofluidic
channels to achieve rapid, selective, and sensitive detection of contaminants. As a
proof of concept, a thiourea-linked 2D COF (JNU-3) as the recognition unit is
covalently bonded on the stable artificial anodic aluminum oxide nanochannels
(AAO) to fabricate a JNU-3@AAO-based nanofluidic sensor. The rapid and
selective interaction of Hg(II) with the highly ordered channels of JNU-3 allows
the JNU-3@AAO-based nanofluidic sensor to realize ultrafast and precise determination of Hg(II) (90 s) with a low limit of
detection (3.28 fg mL−1), wide linear range (0.01−100 pg mL−1), and good precision (relative standard deviation of 3.8% for 11
replicate determination of 10 pg mL−1). The developed method was successfully applied to the determination of mercury in a
certified reference material A072301c (rice powder), real water, and rice samples with recoveries of 90.4−99.8%. This work reveals
the great potential of 2D COFs-modified solid-state nanofluidic channels as a sensor for the rapid and precise detection of
contaminants in complicated samples.

■ INTRODUCTION

The growing contaminants including heavy ions, food-borne
pathogens, biotoxins, veterinary drugs, pesticides, and un-
authorized chemicals in the environment and food become a
great threat to humans.1−4 Therefore, establishing analytical
platforms to achieve effective monitoring and precise detection
of hazardous materials in the real world is of great
indispensability. Extensive technologies such as high-perform-
ance liquid chromatography or gas chromatography equipped
with mass spectrometry, fluorescence sensing, and electro-
chemical detection have been devoted to meet the require-
ments of the analysis of real samples.5−18 Even so, a rapid,
sensitive, and selective platform based on portable equipment
is still practically desired.
Specific recognition moiety-functionalized solid-state nano-

fluidic channels have been shown to be selective and sensitive
sensors for various analytes.19−30 Steady-state current change
with chemical composition, surface charge, wettability, and the
diameter of the nanofluidic channel caused by even a single
molecule can be efficaciously recorded, endowing nanofluidic
sensors with sensitivity down to aM levels.28,31−33 The
introduction of various specific recognition moieties including
aptamer, phenylboronic acid, antibodies, and functional
metal−organic frameworks brings the nanofluidic channel
target-specific selectivity.34,35 However, the time-consuming

interaction of the recognition moieties and the targets is a great
limitation for the application of nanofluidic channel-based
sensors in rapid detection.19,36−38 Thus, promoting the kinetics
for the interaction between the analyte and the recognition
moiety on the nanofluidic channels is the key to overcome the
limitation.
The interaction kinetics highly relates to the accessibility of

the analyte and the active recognition sites on the nanofluidic
channel.39 The crystalline covalent organic frameworks
(COFs) with large specific surface area, permanent pores,
and ordered structure are well known with rapid kinetics for
the interaction with analyte.40,41 The inherent ordered
channels make two-dimensional (2D) COFs promising as
nanofluidic channels. Recently, the nanochannels of a few 2D
COFs have been applied in bio-sensing, enantiomer separation,
and water desalination.42−44 However, 2D COFs nanochannels
always suffer from difficult thickness control and poor
mechanical stability.45 The artificial anodic aluminum oxide
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nanochannel (AAO) is well known for its good mechanical and
chemical stability.46 Therefore, the integration of 2D COFs
with AAO seems promising for the fabrication of nanofluidic
sensors for rapid and sensitive detection but, to the best of my
knowledge, has not been explored so far.
Herein, we report the rational design of 2D COF-

functionalized AAO as a nanofluidic sensor for the rapid and
precise detection of contaminants. As a proof of concept, an
irreversible 2D thiourea-linked COF (JNU-3) was covalently
bonded on the outer surface of AAO to obtain the JNU-3-
functionalized AAO (JNU-3@AAO), while an important
pollutant Hg(II) was selected as the analyte. The strong
specific affinity of thiourea-linked JNU-3 to Hg(II) with highly
ordered channels would promote the selectivity and kinetics
for JNU-3@AAO to recognize Hg(II). Thus, the JNU-3@
AAO-based sensor was developed for sensitive and ultrafast
detection of mercury in real water and rice samples. This work
reveals the high potential of 2D COFs-modified nanofluidic
channels for rapid and precise sensing of contaminants in
complicated samples.

■ EXPERIMENTAL SECTION
Materials and Chemicals. AAO (30 ± 5 nm OD. × 60 ±

5 μm thickness × ca. 2.8 × 1010 cm−2 channel density) was
obtained from PuYuan (Hefei, China). (3-Aminopropyl)-
triethoxysilane (APTES), 1,2-dichloro-benzene (o-DCB), and
N,N-dimethylacetamide (DMAC) were from Aladdin (Shang-
hai, China). Nitric acid (HNO3), hydrochloric acid (HCl),
methanol (MeOH), ethanol (EtOH), acetone, trifluoroacetic
acid (TFA), N,N-dimethylformamide (DMF), (hydroxymeth-
yl)-methyl aminomethane (Tris, 99%), NaCl, FeCl3, CuSO4·
3H2O, CrCl3·6H2O, CdN2O6·4H2O, ZnCl2, and Pb(NO3)2
were from Sinopharm (Shanghai, China). 1,3,5-Triformyl-
phloroglucinol (Tp) and 1,4-phenylenebis-(thiourea) (Pa-S)
were from Yanshen Technology (Jilin, China). Stock standard
solution of Hg(II) (1 g L−1) and a certified rice powder
(A072301c) were from Meizheng Bio-tech (Beijing, China).
All reagents used were at least of analytical grade. Ultrapure
water was from Wahaha Co. (Hangzhou, China). All glass
containers and digestion tubes were soaked in an acid solution
(HNO3/H2O = 1/4, v/v) for 24 h and then cleaned with
ultrapure water.
Instrumentation. Powder X-ray diffraction (PXRD)

patterns were recorded on a D2 PHASER X-ray diffractometer
(Bruker, German) using Cu Kα radiation (λ = 1.5418 Å) with
a scanning speed of 8° min−1 and a step size of 0.05° in 2θ.
Scanning electron microscopy (SEM) images were recorded
on an S-3500N microscope (Hitachi, Japan). A Nicolet IR
IS10 spectrometer (Nicolet) with pure KBr pellets was applied
to record the Fourier transform infrared (FTIR) spectra. X-ray
photoelectron spectroscopy (XPS) experiments were per-
formed on Axis Supra (Kratos, U.K.). The ζ-potentials were
determined on a Nano ZS Zetasizer with a 633 nm He−Ne
laser (Malvern, U.K.). Analytical samples were digested on an
ETHOS UP microwave digestion instrument (Milestone,
Italy). A laboratory-built system as described in our previous
work19 was used for the detection of Hg(II).
Preparation of the JNU-3@AAO-Based Sensor. Typi-

cally, the amino-functionalized AAO (AAO-NH2) was
prepared according to our previous work.19 For the in situ
growth of JNU-3 on AAO-NH2, AAO-NH2 was immersed in a
mixture containing DMAC (0.8 mL), o-DCB (0.2 mL), 3 M
TFA (0.1 mL), Tp (0.075 mmol), and Pa-S (0.112 mmol) at

room temperature (RT) for 3 days, then rinsed with DMF and
MeOH, and vacuum-dried at RT to obtain JNU-3@AAO.

Sample Digestion. Real water and rice samples were
collected locally. Typically, rice samples were pulverized before
digestion. Water sample (0.3 mL) or rice sample (0.1 g) was
mixed with 5 mL of HNO3 in digestion tubes and digested on
the microwave digestion instrument based on the recom-
mended procedures (Table S1). The obtained digestion
solution was transferred to a small beaker and then heated
to remove HNO3 at 100 °C on a temperature-controlled
electric hot plate. The residual solution was adjusted to pH 6.5
with Tris solution (3 M, pH 10.6) and then made up to 10 mL
with ultrapure water for further use.

Detection of Hg(II). Typically, one piece of JNU-3@AAO
was immersed in the standard solution of Hg(II) or the
prepared sample solution (40 μL) for 90 s and thoroughly
rinsed with the testing solution (Tris-HCl buffer with 200 μM
NaCl at pH 7.0) to obtain Hg(II)-bounded JNU-3@AAO
(JNU-3@AAO-Hg). Then, JNU-3@AAO or JNU-3@AAO-Hg
with an effective area of 2.5 mm2 was placed in the middle of
the flow cell filled with 150 μL of testing solution. I−V curves
were obtained in a scanning voltage range of −1 to 1 V with a
scanning speed of 10 mV s−1.

■ RESULTS AND DISCUSSION
Fabrication and Characterization of JNU-3@AAO. The

design and fabrication of JNU-3@AAO via in situ growth are
shown in Figure 1. The highly ordered JNU-3 allows the rapid

interaction of JNU-3@AAO and Hg(II). The specific affinity
of the thiourea group in JNU-3 for Hg(II)47 would cause the
selective change of surface charge on JNU-3@AAO in the
presence of Hg(II), allowing the ultrafast and sensitive
detection of Hg(II).
Room-temperature synthesis of JNU-3 was developed via

the utilization of TFA as the catalyst to facilitate the in situ
growth of JNU-3 on the AAO (Figures S1−S5). AAO was
modified with APTES to obtain AAO-NH2. Then, the amino
group of AAO-NH2 further reacted with the mixture of Tp and
Pa-S via the Schiff base reaction to get JNU-3@AAO.
SEM images directly show the surface change of AAO with

modification. Although the color of the nanochannel showed
no obvious change after the reaction of APTES, the pores of
AAO-NH2 became smoother than the original AAO (Figure
S6). In contrast, the color of the nanochannel changed from
white to dark orange (Figure S7) and dense JNU-3-like porous
polymers appeared on the surface of AAO-NH2 after reaction
with the COF monomer (Figure S8), indicating the successful
growth of JNU-3.

Figure 1. Schematic illustration of JNU-3@AAO-based nanofluidic
sensor for the detection of Hg(II).
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The amount of bonded JNU-3 could be controlled with the
concentration of the COF monomer. The color of the solid-
state nanochannel got darker as the concentration of Tp
increased from 0.05 to 0.1 mol L−1 (nTp/nPa‑S = 2/3) (Figure
S7). SEM image shows the insufficiency of 0.05 mol L−1 of Tp
for the preparation of JNU-3@AAO due to many uncovered
original solid channels (Figure S8b). The obtained JNU-3
uniformly covered all of the channels when the concentration
of Tp increased to 0.075 mol L−1 (Figure S8c). Further
increase of Tp to 0.1 mol L−1 made the reaction tube fully
filled with COF, decreasing the reproducibility of JNU-3@
AAO. The reproducibility of the JNU-3@AAO prepared with
different concentrations of Tp (0.05−0.1 mol L−1) was further
investigated via monitoring the I−V curves of the randomly
selected 11 pieces of JNU-3@AAO. The largest relative
standard deviation (RSD) further demonstrated the low
reproducibility of JNU-3@AAO prepared with Tp of 0.1 mol
L−1 (Table S2). Therefore, JNU-3@AAO prepared with Tp of
0.075 mol L−1, which gave the best RSD, was selected for
further use (Table S2).
The preparation of JNU-3@AAO was confirmed by XPS

(Figure 2a−c). AAO-NH2 gave evident peaks of N 1s and Si
2p appeared in its XPS spectra, demonstrating the introduction
of the amino group (−NH2) from APTES. Furthermore, the
peak of S 2p in the XPS spectra of JNU-3@AAO proved the
growth of JNU-3 on AAO-NH2.
The change of contact angle and ζ-potential also proved the

synthetic process of JNU-3@AAO (Figure 2d). The
introduction of −NH2 with a positive charge had the ζ-
potential change from −43.3 ± 1.8 to −11.8 ± 1.3 eV. After in
situ reaction of Tp and Pa-S, the ζ-potential of JNU-3@AAO
dropped to −42.1 ± 3.1 eV due to the negative charge of JNU-
3 (−50.4 ± 2.5 eV). The alkyl chain of APTES led to the
increase in contact angle from 17.2 ± 1.4° to 35.1 ± 0.6°. The
contact angle further increased to 49.5 ± 1.9° after the reaction

of Tp and Pa-S, owing to the less hydrophilicity of JNU-3
(Figure S9).
To check the crystallinity of the grown JNU-3, the PXRD

patterns of JNU-3@AAO and AAO-NH2 were compared
(Figure S10). AAO-NH2 showed no PXRD peaks, whereas
JNU-3@AAO gave two obvious characteristic peaks of JNU-3
at 3.50° and 5.99°, indicating the crystallinity of JNU-3 on
AAO-NH2. Furthermore, JNU-3@AAO was a highly stable
sensor due to no evident change in its I−V curve in 9 days
(Figure S11).

Sensing Conditions. The effect of pH on the current
increase rate ((I − I0)/I0) of JNU-3@AAO-Hg was first
investigated in the range of 0−7. The (I − I0)/I0 increased
with pH from 0 to 6 (Figure 3a) due to the competition of H+

on the interaction of Hg(II) and JNU-3.48 Further increase of
pH from 6 to 7 led to no obvious increase of (I − I0)/I0
(Figure 3b). pH 6.5 was thus chosen for sensing. The kinetics
for the interaction of Hg(II) and JNU-3@AAO affected
sensing time. A study on the effect of time on (I − I0)/I0
revealed that 90 s was sufficient for the interaction of Hg(II)
and JNU-3 (Figure 3c). The fast kinetics was attributed to the
high ordered channels of JNU-3 for convenient accessibility of
the analyte and greatly benefited rapid sensing.

Analytical Performance. The above-mentioned optimal
conditions were used to develop a JNU-3@AAO-based
analytical method for the determination of Hg(II). (I − I0)/
I0 linearly increased with the logarithm of Hg(II) concen-
tration from 0.01 to 100 pg mL−1 (Figures 3d,e and S12). The
detection limit (3 s) of the developed JNU-3@AAO-based
analytical method was 3.28 fg mL−1. The RSD for 11 replicate
determinations of Hg(II) at 10 pg mL−1 was 3.8%, indicating
the good precision of the developed method. The proposed
JNU-3@AAO-based sensor gave much lower detection limits
and faster kinetics than other sensors for Hg(II), showing its
superiority in sensitivity and efficiency (Table S3). The better
detection limit and linear range of JNU-3@AAO (CTp 0.075

Figure 2. XPS spectra of different AAO: (a) Si 2p; (b) N 1s; (c) S 2p. (d) ζ-Potential of AAO, AAO-NH2, JNU-3, and JNU-3@AAO.
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mol L−1) than JNU-3@AAO (CTp 0.05 mol L−1) further
confirmed the suitability of 0.075 mol L−1 Tp for the
preparation JNU-3@AAO (Table S4).
Selectivity. To evaluate the selectivity of the developed

JNU-3@AAO sensor for Hg(II), the anti-interference experi-
ment was performed in real water and rice samples. The
response of (I − I0)/I0 to Hg(II) (10 pg mL−1) was evidently
higher than that to the interfering ions (Pb(II), Cd(II), Cu(II),
Cr(III), Zn(II), and Fe(III)) even in 10 times higher
concentration (Figures S13 and S14). Moreover, the presence
of these interfering ions (100 pg mL−1) did not cause an
obvious change of (I − I0)/I0 for Hg(II) (10 pg mL−1)
(Figures 3f and S15). The recoveries of 10 pg mL−1 Hg(II)
spiked in aqueous solution (pH 6.5) in the presence of these
interfering ions (100 pg mL−1 each) ranged from 96.3 to
101.7% (Table S5). In contrast, AAO-NH2, which was not
functionalized with JNU-3, gave no specificity to Hg(II) and
the other ions even in the same concentration, demonstrating
the dominant role of the proposed sensor for the selective
sensing of Hg(II) (Figure S16).
Real Sample Analysis. To show the practicability of the

developed sensing method, the JNU-3@AAO sensor was used
for the determination of mercury in real samples including tap
water, river water, lake water, and three kinds of rice samples.

The analytical results for the determination of Hg in these

samples are listed in Table 1. Only the river and lake water

samples gave detectable Hg values of 0.019 ± 0.002 and 0.014

± 0.005 μg L−1, respectively. The recoveries of 0.15 μg L−1

Figure 3. Effects of pH (a, b) and time (c) on (I − I0)/I0 of the JNU-3@AAO sensor interacted with 10 pg mL−1 Hg(II). (d) Calibration plot of (I
− I0)/I0 against the logarithm of Hg(II) concentration (0.01−100 pg mL−1). (e) I−V curves of JNU-3@AAO sensor interacted with different
concentrations of Hg(II). (f) Effects of mixed ions (100 pg mL−1 each) on the determination of Hg(II) (10 pg mL−1) in aqueous solution (pH
6.5). (1, Hg(II); 2, Hg(II) + Pb(II); 3, Hg(II) + Cd(II); 4, Hg(II) + Cu(II); 5, Hg(II) + Cr(III); 6, Hg(II) + Zn(II); 7, Hg(II) + Fe(III) 8, Hg(II)
+ Pb(II) + Cd(II) + Cu(II) + Cr(III) + Zn(II) + Fe(III)).

Table 1. Determination of Mercury in Water and Rice
Samples (n = 3)

samples spiked Hg
determined Hg
(mean ± s)

recovery (%)
(mean ± s)

tap water 0 NDa

0.15 μg L−1 0.148 ± 0.007 μg L−1 98.3 ± 4.3
river
water

0 0.019 ± 0.002 μg L−1

0.15 μg L−1 0.169 ± 0.009 μg L−1 99.8 ± 6.4
lake
water

0 0.014 ± 0.005 μg L−1

0.15 μg L−1 0.157 ± 0.012 μg L−1 95.3 ± 4.7
rice 1 0 ND

0.45 μg kg−1 0.431 ± 0.021 μg kg−1 95.7 ± 4.6
rice 2 0 ND

0.45 μg kg−1 0.427 ± 0.016 μg kg−1 94.9 ± 3.5
rice 3 0 ND

0.45 μg kg−1 0.407 ± 0.013 μg kg−1 90.4 ± 2.9

aND: not detected.
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Hg(II) spiked in water samples and 0.45 μg kg−1 Hg(II) spiked
in rice samples were in the range of 90.4−99.8% (Table 1).
Furthermore, the mercury in the certified reference rice
(A072301c) measured by our method was 41.62 ± 0.01 μg
kg−1, in good agreement with the certified value of 42.000 ±
0.009 μg kg−1. The results proved the high potential and
accuracy of the proposed JNU-3@AAO nanochannel sensor
for the analysis of real samples.

■ CONCLUSIONS

We have reported the design and fabrication of a thiourea-
linked COF-functionalized AAO as a nanofluidic sensor for the
detection of Hg(II). The JNU-3 containing rich thiourea was
covalently bonded on the AAO as specific recognition moiety
for Hg(II) via in situ growth to develop a JNU-3@AAO
sensor. The ordered channels of JNU-3 also greatly promoted
the kinetics of the interaction of Hg(II) and JNU-3@AAO,
allowing ultrafast and sensitive determination of mercury in
complicated real samples. This work reveals the high potential
of the integration of 2D COFs to solid-state nanofluidic
channels in the rapid and precise determination of
contaminants in food and environment samples.
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