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Aflatoxins B1 (AFB1) contamination in agro-food holds great threaten to human and animal health. Con-
ventional test strips for rapid AFB1 visualized monitoring remains challenged by improvement of sen-
sitivity and matrix interference resistance. In this case, we developed a portable electrochemilumines-
cence (ECL) imaging test strip with dual-signal outputs for AFB1 quantification in corn samples. Ru-
PEI@SiO,@Au nanospheres were synthesized for bonding with anti-AFB1 antibody and then colorimetri-
cal signal-reported on test line through the capillary flow at strips. Meanwhile, ECL imaging signal of the
constructed carbon-ink-based working electrode on polyvinyl chloride substrate of strips was exported
under an applied potential of 1.25V. The whole ECL test strips not only endowed convenient colorimetric
responses but guaranteed quick-witted ECL image distinguishment even at extremely low AFB1 content.
The detection limit of this ECL imaging-integrated mode was 10-fold lower than that of only colorimetric
mode. Furthermore, satisfactory selectivity, reliability and practicability of the as-proposed ECL test strips
were demonstrated. This work offered a promising platform for on-site, accurate and sensitive detection

of pollutants in foods.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Mycotoxins are toxic secondary metabolites produced by fungi
of different genera including Aspergillus, Penicillium and Fusarium,
which potentially contaminates crops, food products and animal
feed at every stage of food supply chain, especially under con-
ditions of high temperature and humidity [1-3]. Mycotoxin con-
tamination holds a significant threat in agriculture and food safety
due to their adverse effects on human and animal health. There-
into, aflatoxins B1 (AFB1) classified as a Group 1 human carcinogen
by the International Agency for Research on Cancer (IARC) has at-
tached great concerns and strictly limited in China’s national stan-
dard on food safety (maximum permissible of 5.0ug/kg in beans
or 5.0-20ng/kg in grain, GB 2761-2017). European Commission has
also stringently set 0.5ng/mL as Maximum Residue Level for AFB1
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in edible food and milk [4]. Besides, the heat-stable and lipophilic
properties made AFB1 very difficult to be detoxicated or removed.
Therefore, developing rapid and reliable methods for AFB1 contam-
ination tracing is crucial for ensuring food safety and preventing
the consumption of contaminated products [5,6]. Massive efforts
had been given rise for establishing rapid and on-site determinate
of AFB1, including enzyme-linked immunosorbent assay, point-of-
care sensors and immunochromatography [7]. Traditionally, paper-
based lateral flow immunochromatographic (LFI) assay employed
colorimetric or fluorescent labels to output the visual interpre-
tation of test line for rapid determination [8]. This method pos-
sessed advantages of portability, simplicity, short testing time and
low cost, which has been widely applied for medical diagnosis and
food safety risk assessment [9]. However, towards ultra-trace mon-
itoring of AFB1, the limitations of inadequate sensitivity or poor
quantitative discrimination is still a challenge.
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Erenow, diverse techniques-coupled LFI assays have been pro-
gressively investigated to construct versatile strip tests for myco-
toxin quantification, such as fluorescent LFI [10,11], photothermal
LFI [12,13] and surface-enhanced Raman scattering-based LFI
[14,15] assays. Though these devices effectively improved the
measurement sensitivity in a degree, there are still some deficien-
cies, such as background light interference (autofluorescence and
scattered light) or insufficient environmental stability. Notably, in-
spired by electrochemical sensors with controllable potential, good
sensitivity and miniaturization, the integration of three-electrode
system and LFI assay for constructing electrochemical (EC) or
electrochemiluminescence (ECL) test strips to quantify analytes
has exuberantly sprung up recently [16-19].

As a derivative of EC method, ECL process undergoes the gen-
eration of the excited state of luminescent species from electron
transfer reactions at electrode and then emission light [20,21]. Es-
pecially that was superior to EC sensors, ECL assay enabled di-
rectly visualized imaging, superior reproducibility and dramatically
improved sensitivity, especially for food analysis [22,23], offering
an energetic candidate coupled with LFI assay for rapid detec-
tion. However, despite the desirable progress in the fabrication
of screen-printed electrode-based ECL-LFI assay for protein analy-
sis, unbefitting mass transfer interface between the stiffly inserted
electrode and strip as well as expensive cost considerably limits
potential applications [16,17]. Therefore, it is imperative to design
and construct a portable and high-performance ECL test strips ca-
pable of AFB1 rapid monitoring, which has not been reported.

Hence, we developed an ECL test strip compatible with smart-
phones for dual-signal visualized detection of tracing AFB1 con-
tamination in food samples (Fig. 1). This device was fabricated
by directly patterning carbon ink onto the surface of polyvinyl
chloride (PVC) substrate of LFI strips first. Then Ru-PEI@SiO,@Au
nanoparticles as signal probes were synthesized and connected to
antibody-AFB1 for competitive immune reaction with AFB1-BSA
antigen on test line (T-line) of strips. Attractively, Ru-PEI@SiO, @Au
probes not only endowed ECL test strips colorimetric answer under
high levels of AFB1 target but guaranteed strong ECL image dis-
tinguishment produced by Ru-PEI lumiphore-coreactant pairs even
extremely low AFB1 content. After a series of optimizations, the
as-proposed ECL test strips finally received accurate and sensitive
performance and across a wide dynamic range within 15 min to-
ward AFB1 detection. This dual-signal ECL test strip allowed sensi-
tive AFB1 determination in real corn samples, indicating its practi-
cality for rapid food safety monitoring.

As illustrated in Fig. 2A, a hollowed-out self-adhesive pattern
carved by a cutting plotter was adhered to PVC surface. Subse-
quently, conductive carbon ink was well-distributed painted onto
the pattern area and then pattern was peeled off. After coating
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a LFI strips thereon, carbon ink-based three-electrode bands were
successfully adhered on the PVC to form an all-in-one ECL test
strip. The position of working electrode band was vertically aligned
with that of T line on the LFI strip.

The surface morphologies and properties of the as-prepared
ECL test strip were investigated by Scanning electron microscopy
(SEM), contact Angle and Raman spectroscopy measurements.
Compared to bare PVC with a glossy and hydrophobic surface
(Fig. S1 in Supporting information), a carbon coating layer is
uniformly and completely distributed on the modified electrodes
(Fig. 2B), providing a relatively large specific area and desirable
conductivity. The hydrophobic interface has a water contact angle
of 102.3° (Fig. 2B, inset), which isolated the electrode from flow
channels and made flow channels unaffected by the electrode, en-
suring the fluidity of liquids in ECL test strips. The detailed infor-
mation on the modified carbon coating electrode was analyzed by
Raman spectroscopy (Fig. 2C). Two peaks at 1350 cm~! and 1575
cm~! assigned to D band and G band, respectively, representing
the amorphous carbon and sp?-hydridized carbon network.

The effect of wetting nitrocellulose (NC) membrane on electro-
chemical performance of the ECL test strip was deeply studied by
electrochemical impedance spectroscopy (EIS) and cyclic voltam-
metry (CV). Commonly, the Nyquist plot of EIS displayed an in-
complete semicircle in the high-frequency range and a non-linear
line in the low-frequency region. The diameter of the semicircle
indicated the charge-transfer resistance (R¢) of the electrode inter-
face. As displayed in Fig. 2D, the carbon ink modified PVC three-
electrode system showed a Rq of 215  (curve a). After LFI inte-
gration, the whole strip had a slightly increased resistance of 343
Q (curve b) resulted from the coverage of wetting NC membrane
on the working electrode surface. Furthermore, the electroactive
area of ECL test strip was explored by CV scans at different rates
ranged from 50mV/s to 200 mV/s. With the scan rate accelerated,
the anodic and cathodic peak currents both increased accordingly
(Fig. 2E). An acceptable linear dependence of peak current values
to v1/2 indicated a diffusion-controlled process (Fig. 2F). The effec-
tive working area was calculated using the Randles-Sevcik equation
to be 0.088 cm?. Under continuous scanning at 100mV/s, a pair
of peaks for ECL test strip exhibited high consistency and stability
even after the 50t cycle, indicating a quasi-reversible electrochem-
ical behavior (Fig. 2G), providing a steady redox reaction interface
in all-in-one device.

Taken these findings together, the carbon ink printed PVC
three-electrode system perfectly integrated with LFI strip and
competently achieved electrochemical process to meet the further
application on ECL image. As depicted schematically in Fig. 3A, Ru-
PEI complex was fabricated by covalently bonding multi-carboxyl
[Ru(dcbpy);]** and amino-rich PEI and then was doped into silica

All-in-one dual-signal readout ECL test strips

PDMS pond

4
\ \
‘{ NC membranc® Aneorbent pad

Samplepad __ +
& WE

RE

Negative

Electrodes-integrated test strip

P :",;- e
[ Rufl Rull) ECL imaging K|

PEL._PEI
7

T line

- &
X+ P . Cline
A - %
| Positive
\\ sample
0 PVC substrate

Q.téa‘

3 + & Y Y

Ru-PEI@SIO,@Au AFB1 AFB1-BSA Anti-AFB1 19G

Fig. 1. Schematic diagram of the fabrication and detection process of the as-proposed dual-signal readout ECL test strips.
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Fig. 2. (A) The construction progress of ECL test strips. (B) Scanning electron microscope (SEM) image and water contact angle (inset) of the surface of carbon ink-modified
PVC. (C) Raman spectrum of carbon ink electrode surface. (D) Electrochemical impedance spectroscopy (EIS) profiles of (a) the carbon ink modified PVC three-electrode
system and (b) all-in-one ECL test strip. (E) Cyclic voltammograms of all-in-one ECL test strips under different scan rates. (F) Plots of anodic and cathodic peak currents
vs. the square root of the scan rate (v!/2). (G) CV current signals of all-in-one ECL test strip scanned for continues 50 cycles (scan rate of 100mV/s). All the EIS and CV
measurements were executed in 0.1 mol/L KCI containing 50 mmol/L [Fe(CN)s]*~/4~ solution.
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Fig. 3. (A) Diagram of synthesis process, (B) transmission electron microscopy (TEM) image and (C) energy dispersive X-ray spectroscopy (EDX) mapping images of Ru-
PEI@SiO,@Au. (D) ECL images recorded by smartphone or CCD camera before (top) and after (down) covering the three-electrode PVC substrate with a strip tested in 50 pL
0.1 mol/L PBS (pH 7.5) solution containing Ru-PEI@SiO,@Au. (E) ECL-wavelength spectrum and FL spectrum of Ru-PEI@SiO,@Au dispersions. Insert showed the photographs
of Ru-PEI@SiO,@Au dispersions under visible (left) and UV-light (A =365 nm, right). (F) ECL-wavelength spectra and (G) the corresponding ECL intensities of different five

points on the ECL test strips.
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to gain Ru-PEI@SiO, nanospheres (TEM, Fig. S2 in Supporting infor-
mation) with a diameter of 60.9+ 0.6nm (Fig. S3A in Supporting
information). After in-situ reduction of HAuCly;, HRTEM image
clearly showed that Au nanoparticles (Au NPs) were distributed
outside of Ru-PEI@SiO, to form spherical and monodispersed Ru-
PEI@SiO, @Au nanocomposites (Fig. 3B) with an average diameter
of 62.6 £ 0.7 nm (Fig. S3B in Supporting information). Meanwhile,
elemental mapping clarified the coexistence of Si, O, Ru, N, and Au
elements in the nanosphere (Fig. 3C). Otherwise, with the decora-
tion of silica and Au NPs step by step, the zeta potential of 29.3 mV
for Ru-PEI was gradually changed to 16.2 mV for Ru-PEI@SiO, and
9.6 mV for Ru-PEI@SiO,@Au (Fig. S4A in Supporting information).
This was ascribed to positively charged Au NPs were linked onto
the surface of Ru-PEI@SiO, by the strong electrostatic interaction.
UV-vis and fluorescence spectra of different nanomaterials were
presented in Figs. S4B and C (Supporting information). Comparing
with two characteristic absorption peaks at around 285nm (an
intra-ligand transition, 7 — *) and 460 nm (the metal-to-ligand
charge transfer) of free Ru(dcbpy);2* (Fig. S4B in Supporting
information), the absorption spectrum of Ru-PEI@SiO,@Au had
a very small red-shift (~2nm) and an extra peak of Au NPs
emerged at around 530nm. The fluorescence emission peak of
Ru-PEI@SiO,@Au showed a blue-shift about 15nm in contrast
to that of Ru(dcbpy);®* (Fig. S4C in Supporting information),
which was induced by the interaction between SiO~ groups and
Ru(dcbpy);2t dye. These characteristics manifested the successful
preparation of Ru-PEI@SiO,@Au luminophores.

ECL imaging and spectra signal acquisitions were implemented
by directly instilling Ru-PEI@SiO, @Au dispersion liquid onto three-
electrode PVC substrate and covered test strips and PDMS pond
thereon. Fig. 3D reveals the ECL images recorded by CCD camera
over the same region of interest of the working electrode (WE)
area before and after covering with test strip when an anodic po-
tential of 1.25V was applied to electrode in a PBS solution. Consis-
tently, a homogeneous and bright red ECL emitted light was visu-
alized, revealing the robust ECL image ability of the test strips. A
continuous ECL spectral scanning at random fixed a point indicated
that the ECL peak signal occurred at about 652 nm, which was
approximate to that of FL spectrum (Fig. 3E) of Ru-PEI@SiO,@Au
nanocomposites, indicating ECL emission arise from the excited
state of Ru(Il) to ground state. Notably, almost perfectly consistent
ECL spectra shapes of the picked five points on an all-in-one ECL
test strip (Fig. 3F) were received. The synchronous recording ECL
intensity values displayed high stability with RSD value of 0.55%
(Fig. 3G). As schematically shown in Fig. 3G (inset), the electro-
chemical oxidation of Ru(ll) species and PEI concurrently occurred
on the electrode surface to produce Ru(lll) and a radical cation.
Then after a deprotonation process, the excited state Ru(Il)* was
generated through a intramolecular annihilation, which returned
the ground state together with ECL emission. In view of this, the
doping amount of Ru-PEI for synthesizing Ru-PEI@SiO,@Au was
optimized to be 1.0mL for the best ECL response (Fig. S5 in Sup-
porting information).

A naked-eye dual-signal output strategy was engaged in ECL
test strips for AFB1 detection using Ru-PEI@SiO,@Au as difunc-
tional probe. As depicted in Fig. 1, AFB1-BSA antigens and mouse-
IgG antibodies were preliminarily immobilized on T-line and C-
line of ECL test strips. When negative sample without AFB1 tar-
get was added onto pad, anti-AFB1 bonded with Ru-PEI@SiO,@Au
probes (anti-AFB1-probe complexes) were captured by AFB1-BSA
on T-line to the largest extent. By this time the intensely red col-
orimetric produced by the plasmonic activity of Au NPs and bright
red ECL imaging signals were observed at the T-line zone. Re-
versely, in the presence of AFB1 target as a positive sample, AFB1
preferentially reacted with anti-AFB1-probe complexes, resulting in
lessened anti-AFB1-probe complexes captured on T-line during the
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Fig. 4. (A) Colorimetric and ECL imaging photographs of test strips for detection a
series concentration of AFB1 standards. The corresponding (B) colorimetric and (C)
ECL intensities analyzed by Image]. (D) Linear relationships of colorimetric or ECL
imaging intensities on the logarithm of the AFB1 concentrations.

lateral flow. Then dual signals readout on T-line could be weak-
ened, which were analyzed by an Image] software to quantify the
amount of AFB1 targets. [24,25] A red-turned C-line guaranteed
accomplishment and effectiveness of the entire testing process.
To ensure clear T-line but little background, the optimum anti-
AFB1 amount was 0.1 ng/mL (Fig. S6A in Supporting information)
to conjugated with probes for further detection. Accordingly, the
immunorecognition time of 15min (Fig. S6B in Supporting infor-
mation) and the applied constant potential of 1.25V (Figs. S6C and
D in Supporting information) were systematically optimized.

ECL test strips were utilized to quantify standard AFB1 samples
with increasing concentration. Dual-signal results in Fig. 4A illus-
trated that the more AFB1 existed, the weaker colorimetric and ECL
imaging intensity were simultaneously visible to the naked eye.

But it was remarkable that colorimetric signals were incapable
to distinguish AFB1 targets at very low concentrations ranged from
0 to 1.0ng/mL (Fig. 4B). Under the same conditions, the well-
defined ECL images of WE electrodes at T-line zones endowed
highly responsive ECL intensities to trace AFB1 targets (Fig. 4C).
The gray values of smartphone-recorded ECL images linearly re-
lied on the logarithms of different AFB1 concentrations from
0.1 ng/mL to 100 ng/mL with a favorable correlation coefficient (R2)
of 0.992 (Fig. 4D, red line). For colorimetric assay of AFB1, a linear
range from 1.0ng/mL to 100 ng/mL with R? of 0.871 was received
(Fig. 4D, black line). The limit of detection (LOD) for ECL imaging
and colorimetric mode were 12 pg/mL and 103 pg/mL, respectively.
The sensitivity of this ECL test strip was greatly improved for 10-
time under the integration of ECL image mode. Upon comparing
with previous visualization assays, this ECL test strip had the su-
perior detection sensitivity (Table S1 in Supporting information).
Furthermore, under five parallel tests, an RSD of 1.6% for blanks
and 2.7% for AFB1 targets were obtained (Fig. 5A), certifying the
satisfactory reproducibility of this strips. Besides, several kinds of
mycotoxins including OTA, DON and ZEN were individual or mixed
with the same level AFB1 targets for sensing detection. A drasti-
cally reduced ECL intensity was presented only for AFB1 in Fig. 5B,
demonstrating high selectivity and anti-interference for the target.
Even after 30 days storage, there was no obvious change in the
ECL intensity towards 50 ng/mL of AFB1 (Fig. 5C), manifesting ul-
trahigh stability of ECL test strips. The total cost of a strip was
about ¥3.44/$0.48 (Table S2 in Supporting information).

Corn is a kind of very popular food in our daily life, which is
very susceptible to be contaminated by mycotoxins especially AFB1
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Fig. 5. (A) Reproducibility of five parallel ECL test strips toward 50 ng/mL of AFB1 detection. (B) Selectivity of ECL test strips to different interferents (OTA, DON, ZEN at a
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under improper treatment [26]. In this regard, corn sample was
used to validate the practicability of the proposed ECL test strips
(Table S3 in Supporting information). Three samples with different
concentrations of AFB1 (0.93, 20.03 and 49.82ug/mL) were pre-
pared by adding AFB1 into corn samples and calibrated by HPLC
assay. Then, after diluted 1000-fold for further measurement by
the ECL test strips, satisfactory recovery rate of the spiked sam-
ples by the colorimetric mode ranged from 96.4% to 107.0% with
RSD less than 5.5 %. The recovery rate of ECL imaging mode ranged
from 99.2 % to 101.7 % with RSD less than 4.9 %, which revealed that
the proposed ECL test strips served as a powerful rapid detection
tool for AFB1 analysis.

In summary, we constructed a portable ECL imaging test strip
for dual-signal visualized detection of AFB1 by integrating a car-
bon ink-based electrodes system into LFI strips. The colorimet-
ric and ECL imaging signals were trigged by the anti-AFB1-Ru-
PEI@SiO,@Au probes bonded onto the T-line after a competitive
immune reaction. Assisted by a smartphone, highly sensitive and
selective monitoring of AFB1 level in corn sample was realized.
This study sufficiently broadened the detection mode and im-
proved the performance of LFI strips for food safety.
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