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ABSTRACT: Sensitive and selective detection of trace aflatoxin
B1 (AFB1) in foods is of great importance to guarantee food safety
and quality but still challenging because of its trace amount and the
interference from the complex food matrix. Here, we report the
integration of aptamer (Apt) and an ordered 2D covalent organic
framework (COF) to solid-state anodic aluminum oxide (AAO)
nanochannels (Apt/COF/AAO) for selective and sensitive
detection of trace AFBI. The high specificity of Apt for AFB1
led to a selective change in the surface charge of Apt/COF/AAO
and in turn the current change of the nanochannel, permitting the
selective and sensitive determination of trace AFB1 in complex
food samples. The developed nanofluidic sensor gave a wide linear
range (1—500 pg mL™"), low detection limit (0.11 pg mL™"), and
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good precision (relative standard deviation of 1.5% for 11 replicate determinations of 100 pg mL™"). In addition, the developed
sensor was successfully used for the detection of AFB1 in food samples with the recovery of 86.9%—102.5%. The coupling of Apt-
conjugated 2D COF with an AAO nanochannel provides a promising way for sensitive and selective determination of food

contaminants in complex samples.

Bl INTRODUCTION

Aflatoxin B1 (AFB1) is listed as Group 1 carcinogen by the
International Agency for Research in Cancer.'”* AFBI not
only infects a major number of products, including peanuts,
corn, grains, wheat, and dried fruits.>® AFBI could accumulate
in the human liver once it invades food chain, eventually
leading to chronic liver damage and even death.””” Countries
and organizations around the world have established stringent
regulatory limits for AFB1 in a range of products.'”'" To
ensure food safety, it is crucial to establish highly sensitive and
selective methods to detect trace AFB1 to ensure the safety of
food.

Several techniques have been used to determine AFBI in
food, including high-performance liquid chromatography,n’m
liquid chromatography-tandem mass spectrometry,'”"> and
enzyme-linked immunosorbent assay.'®'” While these techni-
ques demonstrate high sensitivity and selectivity, they typically
necessitate the use of sophisticated instrumentation, as well as
complex and time-consuming procedures.

Nanofluidic technologies present novel avenues for ultra-
sensitive detection. The confined space allows for a significant
improvement in the interaction opportunity between the
analyte and the probe for efficacious capture and signal
amplification of the target molecule, markedly enhancing the
sensitivity and accuracy.'””*' Biomimetic solid-state nano-
channels possess tailorable surface property, chemical and
mechanical stability, and controllable channel shape,”” offering
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wide applications in diverse fields,” especially in chemical and
biological sensing.””** Owing to nanoconfined space-induced
target enriching effect, nanochannel sensing systems are
promising for sensitive detection of various contaminants in
foods,”® such as ochratoxins A (OTA),”” formaldehyde,”®
chloramphenicol,”” mercury,”® and so on.

Two-dimensional covalent organic frameworks (2D COFs)
have picked up significant interest due to their large specific
area, abundant hydrogen bonding sites, and intrinsic and
highly ordered nanochannels.”** The highly ordered structure
and regular pore arrangement of 2D COFs facilitate highly
selective detection by interaction with specific analytes, making
them excellent for molecular recognition. Their inherent
ordered channels not only provide abundant interfacial effects
but also further enhance the selectivity of the sensor through
the ion-selective permeability in their nanofluidic channels,
having them promising in nanofluidic sensing systems.”*”>°
Furthermore, the ordered nanochannel structure of 2D COFs
introduces more active sites into the sensing process and
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Figure 1. (a) Schematic diagram of the Apt/COF/AAO nanofluidic sensor for detection of trace AFB1; (b) illustration for the preparation of the

COF crystal through the two-step method.

establishes highly efficient mass-transfer pathways to signifi-
cantly improve the sensitivity of sensor.”®*’ Consequently,
COF-modified nanochannels are considered as kinds of
advanced nanofluidic sensors due to their high sensitivity
and selectivity.”* "'

Aptamer (Apt) is a kind of synthetic acceptor and widely
applied for the determination of food contaminants owing to
its high selectivity, low cost, and stability.**~* Integrating Apt
into COFs would give rise to the synergetic merits of the
porous structure of COFs and the specific recognition ability of
aptamers to achieve eflicient and specific capture of targets,
enabling the precise determination of food contaminants in
complex matrices. However, the integration of Apt and COF-
modified nanochannels for detecting trace AFB1 in real
samples has been unexplored so far.

In this work, we report the facile integration of the specific
recognition capability of Apt, the unique porous structure of
2D COF and an anodic aluminum oxide (AAO) nanochannel
to design a nanofluidic sensor for selective and sensitive
determination of AFB1 in food samples. The imine-bonded 2D
COF was grafted on the nanochannels of AAO to yield a COF-
functionalized AAO (COF/AAOQ). The Apt of AFB1 was then
conjugated in situ to the COF layer to give Apt-functionalized
COF/AAO (Apt/COF/AAO). The strong specific affinity of
Apt to AFB1 as well as the 2D COF with highly ordered
channels gave the developed Apt/COF/AAO nanofluidic
sensor significant potential for selective and sensitive
determination of AFBI in food samples. This work shows
the immense potential of Apt and 2D COF-integrated
nanofluidic sensors for sensitive and selective detection of
hazardous targets in complex food samples.

B EXPERIMENTAL SECTION

Materials and Chemicals. Ultrapure water was supplied
by Wahaha Co. (Hangzhou, China). 3-Aminopropyltriethox-
ysilane and n-butyl alcohol (n-BuOH) were obtained from
Aladdin Chemistry Co. (Shanghai, China). (Hydroxymethyl)-
methyl aminomethane (Tris, 99%), glacial acetic acid (HAc),
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tetrahydrofuran (THF), and acetonitrile (ACN) were
purchased from Sinopharm (Shanghai, China). 1,3,5-Tris (4-
aminophenyl)benzene (TPB) and 2,5-divinylterephthalalde-
hyde (DVA) were purchased from Jilin Chinese Academy of
Sciences-Yan sheng Technology Co. Ltd. (Changchun, China).
The standard solutions for AFBI1, aflatoxin B2 (AFB2),
aflatoxin G2 (AFG2), zearalenone (ZEN), deoxynivalenol
(DON), and OTA were purchased from Anpel Laboratory
Technologies Co. (Shanghai, China). Aldehyde group-
functionalized aflatoxin Bl aptamer chain with a sequence of
CHO —-5-GTT GGG CAC GTG TTG TCT CTC TGT
GTC TCG TGC CCT TCG CTA GGC CCA CA-3’ was
obtained from Sangon (Shanghai, China). AAO film (pore
diameter, 30 + 5 nm; thickness, 60 + 5 ym; pore density, ca.
2.8 X 10" cm™) was purchased from PuYuan Nano-
technology Co. (Hefei, China). Certified wheat reference
material (A299714) was provided by Aladdin Chemistry Co.
(Shanghai, China).

Apparatus. Zeta potentials were measured on a Nano ZS
Zetasizer with a 633 nm He—Ne laser (Malvern, U.K.). X-ray
photoelectron spectroscopy (XPS) analyses were performed on
an Axis Supra system (Kratos, U.K.). Other instruments for the
characterization of materials are described in the Supporting
Information.

A laboratory-made nanochannel analysis system was used to
measure the ion currents. The system consists of a flow system
including two polytetrafluoroethylene flow cells, a 2450
SourceMeter (Keithley, US) and a data acquisition system
(Version 2.06, Keithley, US).”” The prepared Apt/COF/AAO
membrane was installed between two poly-
(tetrafluoroethylene) flow cells. Within each cell, an Ag/
AgCl electrode was inserted to measure the transmembrane
ion current in a transmembrane potential range from —1 to 1 V
with a scanning rate of 10 mV s™'
conducting area of the membrane is 2.5 mm” 10~ mol L™
NaCl solution served as the electrolyte solution. Three
replicate measurements were taken for each ion current test.

. The effective ion-
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Preparation of COF/AAO Membrane. Amino-function-
alized AAO (AAO-NH,) was prepared according to Ran et
al.”’ The AAO-NH, was further used for in situ growth of
COF. Briefly, TPB (4.57 mg, 0.013 mmol) and DVA (3.63 mg,
0.020 mmol) were dissolved in 2 mL of n-BuOH/THF (3:1,
v/v) mixture under ultrasonication. Then, the amino-function-
alized AAO membrane was immersed in the aforementioned
solution and left to stand at 60 °C for 7 h to obtain amorphous
polymer/AAO membrane. The prepared amorphous polymer/
AAO membrane was rinsed with ethanol to remove residual
solvent and then immersed in the reaction solvent (ACN/12
mol L™! acetic acid solution, 50:7, v/v) and incubated at 25 °C
for 3 days. Finally, the resulting COF/AAO membrane was
washed with THF and ethanol and dried in a fume hood
overnight.

Fabrication of the Apt/COF/AAO Nanofluidic Sensor.
COF/AAO membrane was placed in a three-necked flask.
After the flask was vacuumed for 2 h, Tris-HCI buffer solution
(10 mmol L™!, pH 8.0) containing S00 mmol L™ NaCl, 1
mmol L™! MgCl,, and 1.5 pmol L' Apt was added, and the
mixture was reacted for 5 h at room temperature to obtain the
Apt/COF/AAO nanofluidic sensor.

Sample Preparation. Samples of rice, corn, peanuts, and
wheat were procured from local supermarkets (Wuxi, China)
and pulverized using a wall breaker. 1 g of the above sample
powders before and after spiking was added to 4 mL of ACN/
water (8:2, v/v) solution and sonicated for 30 min. The
supernatant was then collected through centrifugation at
10,000 rpm for 10 min, adjusted to pH 7.4 with Tris-HCI
buffer solution (10 mmol L™, pH 7.4), and filtered through a
0.22 ym membrane. The filtrate was diluted to a volume with
ultrapure water in a 5 mL volumetric bottle for subsequent
analysis.

Determination of AFB1. Typically, Apt/COF/AAQ was
immersed into a series of standard solutions containing various
concentrations of AFB1 (300 uL). After incubation for 40 min,
Apt/COF/AAO was rinsed thoroughly with Tris-HCI buffer
solution (10 mmol L™!, pH 7.4) to obtain AFB1-bound Apt/
COF/AAO (Apt/COF/AAO-AFB1). Apt/COF/AAO or Apt/
COF/AAO-AFB1 was positioned at the center of the flow cell.
Then, 150 uL of electrolyte solution (107> mol L™' NaCl) was
added to each side of the membrane. I-V curves were
recorded by scanning the voltage in the range —1 to 1 V at a
scanning rate of 10 mV s™h

B RESULTS AND DISCUSSION

Fabrication and Characterization of the Apt/COF/
AAO Nanofluidic Sensor. Figure 1a illustrates the design and
fabrication of the Apt/COF/AAO nanofluidic sensor. The
amino groups of the AAO-NH, membrane first reacted with
the aldehyde groups in one COF monomer DVA through the
Schiff Base reaction to serve as a bridge between COF and
AAO. A two-step approach was then adopted to ensure
uniform in situ growth of crystalline COF on the AAO
membrane.”® In step 1, the AAO-NH, membrane was
immersed in a mixed solution of TPB and DVA to carry out
the reaction at 60 °C. This step enabled simple polymerization
between the monomers in the absence of a catalyst to ensure
the formation of a uniform amorphous polymer layer on the
AAO membrane. Step 2 was designed to convert the
amorphous polymer grown on the AAO membrane into a
crystalline COF layer in ACN under acetic acid catalysis for 3
days. Figure 1b shows the reaction route for the synthesis of

crystalline COF through the two-step method. Furthermore,
Apt of AFB1 was introduced as the recognition unit. The
aldehyde group of the Apt was covalently bound to the amino
groups of TPB on the COF membrane through a Schiff base
reaction to construct the Apt/COF/AAO nanofluidic sensor
(Figure S1). The specific recognition of Apt toward AFBI
enabled selective alteration in the surface charge of nano-
channel to change ionic current. The integration of the high
target specificity of Apt with the unique properties of COF
makes the developed nanofluidic sensor promising for selective
and sensitive detection of trace AFB1 in complex samples. The
innovative design not only broadens the application of
nanofluidic sensors in the field of food safety but also provides
a reference for other fields that require highly selective and
sensitive detection techniques.

Uniform distribution and complete coverage of the COF
membrane on AAO is crucial for enhancing the performance
and reliability of the sensor. Thus, the effect of reaction time
on the formation of the COF membrane on AAO nano-
channels was studied. The AAO nanochannels were only
partially covered by the COF after 24 h of reaction but fully
and uniformly covered by the COF membrane after 72 h of
reaction (Figure S2). The I-V curves of nine randomly
selected from each of the COF/AAO membrane prepared at
different reaction times were tested, and the relative standard
deviation (RSD) of the current at —1 V was calculated (Table
S1). The results show that 72 h reaction gave the optimal
reproducibility. Therefore, 72 h was selected for the
preparation of the COF/AAO membrane.

The optimized COF/AAO membrane was characterized by
powder X-ray diffraction (PXRD), XPS, scanning electron
microscopy (SEM), Fourier transform infrared (FT-IR)
spectroscopy, and a N, adsorption experiment. The polymer
grown on the AAO membrane in step 1 was an amorphous
structure (Figure S3). The product from the amorphous
polymer in ACN under acetic acid catalysis in step 2 gave the
characteristic FT-IR peak of C=N at 1609 cm™" (Figure S4),
indicating the successful condensation reaction between TPB
and DVA to form imine-bonded COF. In addition, the
significant PXRD peaks at 2.68, 4.65, 5.41, 7.26, 9.48, and
25.0° (Figure S3), which were in agreement with the simulated
peaks of the AA stacking model as well as the reported
pattern,”’ confirming the formation of crystalline COF. The
intensity of the XPS peak of N 1s in COF/AAO membrane
was much stronger than that for AAO-NH, due to the
contribution of COF (Figure S5). The characteristic diffraction
peak at 2.68° and the characteristic IR peak for imine bonds at
1609 cm™' appeared in the PXRD pattern and the FTIR
spectrum of the COF/AAO membrane, respectively (Figure
S6). The above results confirmed the successful growth of
crystalline COF on the AAO membrane. Moreover, the
crystalline COF grown on AAO was spherical (Figure S7) with
about 200 nm thickness (Figure S8), a Brunauer—Emmett—
Teller (BET) surface area of 702 m* g”', and a pore size of
242 nm (Figure S9). The framework of the COF membrane
was stable in ambient air and in various organic solvents as well
as aqueous solution of acid (1 M HCI) and base (1 M NaOH)
(Figure S10).

The Apt/COF/AAO nanofluidic sensor was prepared by
grafting Apt on the COF/AAO membrane under the optimal
Apt concentration (Figure S11) and reaction time (Figure
S12). The as-prepared Apt/ COF/AAO nanofluidic sensor gave
a distinct characteristic peak of P 2p in the XPS spectra and a
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more significant C=N characteristic peak in the FT-IR
spectrum, accompanied by the disappearance of the N—H
(3433 and 3353 cm™') stretching vibrations of TPB on the
COF. The above results demonstrated the successful covalent
grafting of Apt onto the COF/AAO membrane (Figure 2a;
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Figure 2. XPS spectra of P 2p for AAO-NH,, COF/AAO, and Apt/
COF/AAQ; (b) zeta potentials of AAO, AAO-NH,, COF, COF/
AAO, and Apt/COF/AAO at pH 7.4.

Figure S13). As shown in Figure S16, both the aptamer and the
Apt/COF/AAO sensor gave an isoelectric point (pl) of about
1.5, so the aptamer and Apt/COF/AAO sensor were
negatively charged due to the deprotonation of the surface
phosphate group at pH > pl. Thus, the as-prepared Apt/COF/
AAOQ exhibited a much negative zeta potential (—42.5 + 1.6
eV) than the COF/AAO membrane (—28.7 & 0.8 eV) at pH
7.4 (Figure 2b).

lon Transport Properties of the Apt/COF/AAO Nano-
fluidic Sensor. Surface charge-controlled ion transport is the
basis for the Apt/COF/AAO sensor to specifically recognize
AFB1. The symmetric transmembrane ion currents verified
that the incorporation of COF did not alter the behavior of
nanochannel ion transport (Figure S14a).***’ Moreover, the
ionic transmembrane conductance of the Apt/COF/AAO
sensor deviated from the ionic conductance of bulk NaCl
electrolyte less than 107* mol L' (Figure S14b), suggesting
that the Apt/COF/AAO sensor was characterized by surface-
charge-controlled ionic transport at NaCl concentration less
than 10™* mol L™'.°° Therefore, a 10~ mol L™! NaCl solution
was chosen as the electrolyte for subsequent experiments. In
addition, the I-V curve of the Apt/COF/AAO sensor
displayed insignificant change over a four-week period,
demonstrating its remarkable stability (Figure S16).

Sensing Conditions. To obtain better analytical perform-
ance, several important factors such as pH, NaCl concen-
tration, and incubation time were investigated. In order to
reflect the performance of the sensor more intuitively, the
current reduction rate [ (I, — I)/I,] in the presence of 100 pg
mL™" AFB1 at —1.0 V, here I, and I refer to the
transmembrane ion current before and after adding AFBI,
was taken as an indicator for optimization. The current

reduction rate increased to its maximum as the pH increased
from 6 to 7.4, gradually decreased with a further increase in pH
to 8, and then remained stable over pH 8 (Figure 3a). This is
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Figure 3. Effect of pH (a), NaCl concentration (b), and incubation
time (c) on (I, — I)/I, in the presence of 100 pg mL™" of AFB1 at —1
V.

because pH can affect the charge state of the target and the
aptamer through protonation/deprotonation of the carbonyl
group in AFB1 (Figure S18) and the phosphate group in the
aptamer (Figure S16) to regulate their noncovalent inter-
actions (such as van der Waals, electrostatic, and hydrophobic
interactions) and ultimately the changes in current.”'

The concentration of NaCl can affect the electrostatic
interaction between the target and the aptamer. The current
reduction rate reached the maximum at a NaCl concentration
of 100 mmol L™ (Figure 3b). In addition, the current
reduction rate increased with incubation time up to 40 min
and then leveled off (Figure 3c). After incubation for 40 min,
the Apt/COF/AAO sensor was rinsed thoroughly with Tris-
HCI buffer solution (10 mmol L™, pH 7.4) to remove the
unreacted AFBI1 residue and eliminate the effect of the high
concentration of residual NaCl solution on the surface charge
of the sensor. Based on the above results, the following optimal
sensing conditions were obtained: pH 7.4, 100 mmol L™'NaCl,
and 40 min of incubation.

Analytical Performance. The figures of merit for the
developed Apt/COF/AAQO nanofluidic sensor for the deter-
mination of AFB1 was evaluated under the optimal conditions.
Figure 4a shows the I-V curves at different AFBI
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Figure 4. (a) I-V curves of the Apt/COF/AAO nanofluidic sensor
for different concentrations of AFB1; (b) calibration curve of (I, —
I)/I, against the logarithm of AFB1 concentration (1—500 pg mL™");
(c) effect of AFBI (100 pg mL™") or other mycotoxins (1000 pg
mL™") on the (I, — I)/I, of Apt/COF/AAO in Tris-HCl buffer
solution (pH 7.4); and (d) effects of other mycotoxins (1000 pg
mL™" each) on the determination of AFB1 (100 pg mL™") in Tris-
HCI buffer solution (pH 7.4) (1, AFB1 + AFB2; 2, AFB1 + AFG2; 3,
AFB1 + OTA; 4, AFB1 + DON; 5, AFB1 + ZEN; and 6, AFB1 +
AFB2 + AFG2 + OTA + DON + ZEN).

concentrations. The transmembrane ion current gradually
decreased as the AFB1 concentration increased, indicating that
the Apt/COF/AAO nanofluidic sensor enables specific
binding to AFB1. Moreover, the calibration plot of (I, — I)/
I, against the logarithm of AFB1 concentration was linear in
the range of 1 to S00 pg mL™" with the linear function of (I, —
I)/Iy = 0212 X 1g Cppp; + 0.157 (R?, 0.9958) (Figure 4b). The
developed Apt/COF/AAOQ nanofluidic sensor gave a detection
limit (3 s) of 0.11 pg mL™". The relative standard deviation for
11 replicate determinations of AFB1 at 100 pg mL™" was 1.5%.
The developed Apt/COF/AAO nanofluidic sensor had a wider
linear range and lower detection limit than the Apt/AAO
sensor, demonstrating the important role of COF grafting on
nanochannels in improving analytical performance (Figure S17
and Table S2). The prepared Apt/COF/AAO nanofluidic
sensor also outperforms other methods for AFB1 determi-
nation in terms of linear range and detection limit (Table S3),
making it a promising detection platform.

To test the selectivity of the developed Apt/COF/AAO
nanofluidic sensor, the effect of other mycotoxins (AFB2,
AFG2, DON, OTA, and ZEN) on the determination of AFB1
was investigated in the Tris-HCI buffer solution as well as food
matrix (rice, wheat, and corn). The structures of the studied
mycotoxins are shown in Figure S18. The developed Apt/
COF/AAO nanofluidic sensor exhibited high sensitivity to
AFBI but negligible response to other fungal toxins (AFB2,
AFG2, OTA, DON and ZEN) (Figure 4c). Furthermore, the
addition of interfering mycotoxins at more than 10-fold
concentration in a Tris-HCI buffer solution (Figure 4d) and
real samples (Figure S19) had almost no effect on the current
reduction rate of the proposed Apt/COF/AAO sensor. The
recovery of AFB1 (100 pg mL™") spiked into Tris-HCI buffer
solution (pH 7.4) ranged between 89.8% and 97.2% in the
presence of other mycotoxins (1000 pg mL™") (Table S4).

These results indicate the high specificity of the developed
Apt/COF/AAO sensor for AFBI.

Real Sample Analysis. The developed Apt/COF/AAQ
nanofluidic sensor was applied to the analysis of real food
samples including wheat, rice, peanuts, and corn for trace
AFBI. A certified wheat reference (A299714) was analyzed to
confirm the accuracy of the developed sensor. The AFB1 in the
certified reference wheat (A299714) was quantified to be 0.49
+ 0.02 pug kg™', closely matching the certified value of 0.48 +
0.23 pug kg™'. For the analysis of real samples, AFB1 was
detected in both peanut and corn-2 samples with concen-
trations of 0.36 + 0.10 and 0.26 + 0.10 ug kg™', respectively.
In addition, three concentrations of AFB1 (1.6, 8.0 and 16 ug
kg™") were spiked into each real sample, and the recoveries of
AFBI ranged from 86.9% to 102.5% (Tablel). The results
show that the proposed Apt/COF/AAO nanofluidic sensor is
promising for the determination of trace amounts of AFBI in
real food samples.

Table 1. Analytical Results for the Determination of AFB1
in Wheat, Rice, Peanuts, and Corn Samples

determined AFB1

spiked AFB1 (ug kg™) ( recovery (%)
samples (ug kg™) mean + s, n = 3) (mean + s, n = 3)
wheat 0 ND“
1.6 1.42 + 0.08 88.8 + 3.1
8 7.74 £ 0.10 96.8 + 1.3
16 16.4 + 0.1 102.5 + 0.6
rice 0 ND“
1.6 1.56 + 0.15 97.5 £ 94
8 7.74 + 0.50 96.8 + 6.3
16 162 + 0.1 101.3 + 0.6
peanuts 0 0.36 + 0.10
1.6 1.75 + 0.03 869 + 1.9
8 8.40 + 0.22 1004 + 2.8
16 159 +£ 0.5 97.1 + 3.1
corn-1 0 ND“
1.6 1.55 + 0.07 96.8 + 4.4
8 7.72 + 0.16 96.5 + 2.0
16 15.7 £ 0.1 98.4 + 0.6
corn-2 0 0.26 + 0.02
1.6 1.82 + 0.02 975 £ 1.3
8 8.13 + 0.08 984 + 1.0
16 15.7 £ 0.2 96.5 + 1.3

“ND, not detected.

B CONCLUSIONS

We have developed a nanofluidic sensor for selective and
sensitive determination of AFB1 in food samples by integrating
the merits of aptamer, 2D COF, and AAO nanochannels. The
specific recognition ability of the aptamer and the controlled
limited channel space of the COF significantly enhanced the
selectivity and sensitivity of the nanofluidic sensor for AFBI
detection. This work has the potential to trigger further
exploration in the construction of nanofluidic sensors for the
detection of trace contaminants.
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