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Due to growing concerns about food safety and public health, the contaminants or
residues of various harmful substances in food have received much attention in recent
years [1-3]. With the increasing complexity of the food supply chain and the expan-
sion of the scale of food production, more stringent regulations and standards are now
required for food quality and safety [4-6]. Thus, it is indispensable to develop an effi-
cient detection method to analyze all kinds of foodstuffs. Currently, the most commonly
used detection methods, including high-performance liquid chromatography (HPLC),
gas chromatography (GC), gas chromatography-mass spectrometry (GC-MS), and lig-
uid chromatography—mass spectrometry (LC-MS), are demonstrated to have exceptional
sensitivity and selectivity, but suffer from limitations such as being time-consuming pro-
cedures requiring expensive equipment and professional operations [7-10]. Fortunately,
the advancement of smart and functional nanomaterials endows rapid detection meth-
ods with flexible construction strategies and facile applications, which include Raman
technique-based [11,12], electrochemical [13], and electrochemiluminescence analyses [14],
fluorescence measurement [15,16] and immunoassays, and so on [17,18]. By adopting
nanomaterials, the sensitivity and accuracy of rapid detection methods can be greatly
enhanced, making them highly applicable in the field of food safety analysis.

In this Special Issue, we focused on advances in nanomaterial-modified rapid de-
tection methods for food safety detection and analysis. With the rapid development of
nanotechnology, all kinds of new nanomaterials, including organic nanomaterials, fluo-
rescent nanomaterials, nanozymes, and carbon-based nanomaterials, have been adopted
in analytical methods [19,20]. Newly emerging nanomaterials have high specific surface
areas, enabling higher catalytic and sensing responses as well as better optical, mag-
netic, and electrical performance [21]. Also, such nanomaterials can serve as smart and
functional elements in many tools, such as in microfluidic assay devices (LFADs) [22],
micro-electromechanical systems [23], optical sensors [24,25], force or pressure sensors [26],
magnetic relaxing sensors [27], etc. The application of such nanomaterials can greatly
enhance the performance of biosensors, including their sensitivity, selectivity, and accuracy,
thereby advancing the development of food safety detection technologies.

This Special Issue has collected a diversity of studies that focus on smart and functional
nanomaterial-fabricated biosensors in food safety. It includes four review articles, three
communications, and six research articles, which I briefly describe in the next paragraphs.
This Editorial aspires to describe the advances of nanomaterials in food safety applications
by covering all kinds of analytical methods for detecting food contaminants.

Ochratoxin A (OTA) is stabilized well in food and poses potential threats to human
health, including nephrotoxicity, hepatotoxicity, teratogenicity, and carcinogenicity. In this
Special Issue, Nawaz et al. conducted a comprehensive study on zinc selenide (ZnSe) nanos-
tructures to construct an aptasensor for the detection of OTA in food. They synthesized six
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types of ZnSe nanostructures, including nanorods, p-spheres, and nanoclusters, and further
evaluated the fluorescence bursting efficiency of ZnSe nanostructures. Finally, multifunc-
tional ZnSe-B6 nanostructures with high negative charges were synthesized and employed
to develop a fluorescent aptasensor for the detection of OTA with a wide linear range of
0.1 to 200 ng/L and a limit of detection of 0.07 ng/L. In addition, Yang et al. constructed
a guanine-quenched fluorescence sensing platform for the detection of OTA, which relies
on monitoring fluorescence changes resulting from conformational alterations of the nucleic
acid aptamer upon binding to OTA. Another research proposed by Yang et al. focused on
exploring the fluorescence quenching ability of G-quadruplexes based on photo-induced elec-
tron transfer, wherein G-quadruplexes acted as quenchers and as a sensing platform for OTA
and potassium ions (K*). During the recognition process, the formation of the G-quadruplex
structure occurs, causing the quenching of the labeled fluorescein fluorophore (FAM), thereby
enabling the detection of OTA with a limit of detection (LOD) of 0.19 nM. All of the above
research works are based on the principle of fluorescence quenching and show distinct flu-
orescent strategies, offering flexibility in the sensitive detection of OTA in food safety and
environmental monitoring.

The rapid development of nanomaterials, metal-organic frameworks (MOFs), carbon
dots (CDs), and metal nanoparticles in recent years has brought about new directions for
fluorescence analysis. CDs have found broad applications in biomedical imaging and
biosensors due to their unique optical properties, biocompatibility, affordability, sensitivity,
and ease of functionalization. Xu’s article constructed fluorescent probes based on red
carbon dots for the detection of Mn?* and Zn?* in macroalgae. The results showed good
linearity between fluorescence intensity and concentrations of Mn?* and Zn2*. In addition,
Li et al. designed a lanthanide-based ratiometric fluorescent probe for the determination of
bacterial endospore biomarkers. In the study, CDs were bound with europium ions (Eu*)
to create Eu®* /CDs fluorescent probes. The fluorescence intensity (PL) ratio of Eu3*/CDs
showed a good linear relationship (R?=0.9961) and a low LOD (18.3 uM) for the detection of
dipicolinic acid. The ratiometric fluorescent sensor showed great potential for application
in complex food matrices.

Silver nanoparticles (AgNPs) and gold nanoparticles (AuNPs) are widely employed
to prepare surface-enhanced Raman scattering (SERS) substrates. The SERS signals can be
enhanced on the surface of noble metal nanomaterials due to the abundant SERS “hotspots”,
thus achieving highly sensitive detection of targets. As an example, Yuan et al. prepared
copy paper loaded with AgNPs (AgNP-CP) for the rapid and in situ detection of sodium
metabisulfite on shrimp surfaces. Compared to textiles and other flexible materials, copy
paper is the most commonly used substrate for loading AgNPs and AuNPs and is favorable
for in situ SERS detection. In addition, the AgNP-CP substrates demonstrated improved
performance for the sensitive and accurate detection of sodium metabisulfite, which can be
further applied to the on-site and non-destructive testing of other contaminants in seafood
in the future.

Due to the intrinsic enzyme-like properties of nanozymes, they are widely used in
immunosensors to replace natural enzymes like horseradish peroxidase, which holds great
potential for the real-time detection of pathogenic bacteria and evaluation of food risk
factors. For instance, Lang et al. conducted a review of recent advancements in nanozyme-
based methods for the determination of risk factors in food. The authors provide a detailed
description of common methods employed for detecting risk factors in food, such as
pathogenic microorganisms, toxins, heavy metals, and pesticide residues, and explain
the principles and applications of nanozymes in immunosensors. The review provided
new insights into developing different nanozyme-based sensors for food safety analysis,
especially innovating the structure of immunosensors.

Electrochemical sensors are widespread in food safety detection because of their ad-
vantages of being low cost, simple to operate, and portable. In this Special Issue, Zhou et al.
presented a review of recent advancements and trends in electrochemical sensors based on
molecular imprinting technology (MIT). The authors conducted a comprehensive review
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of molecularly imprinted electrochemical sensors (MIECs) in terms of design, operating
principles, and functionality. In addition, the application of MIECs in food and pharmaceu-
ticals safety was discussed, as well as the challenges and prospects for the development
of new electrochemical methods. Furthermore, Wu et al. discussed recent advances in
bioelectronic sensing based on chitosan-based hydrogels. With different types of chitosan-
based hydrogels, including electrode-based hydrogels, conductive materials conjugated
hydrogels, ionically conductive hydrogels, and redox-based hydrogels, the authors de-
scribe the properties of these materials and their wide range of applications in fields such
as medicine and food safety. Wang et al. provided an overview of recent advancements
on electrochemical biosensors for food safety detection, highlighting their advantages of
miniaturization, low cost, rapid detection as well as high sensitivity and selectivity with
the inclusion of nanomaterials. The three review articles on electrochemical sensing offered
an in-depth exploration of the prospective contributions of electrochemical biosensors for
detecting biological contaminants, chemical pollutants, and genetically modified crops.
The reviews have highlighted the significant role of electrochemical sensors in food safety
detection, and new breakthroughs have been made to address food safety issues with the
aid of functional nanomaterials.

This Special Issue compiles a collection of research articles and reviews on the ap-
plication of nanomaterials in food safety detection, including electrochemical detection,
nanozymes-based immunosensors, fluorescent analysis, and SERS sensors. Using smart or
functional nanomaterials, some limitations of those methods are overcome; for example,
the conductivity and surface area of the electrode are increased, the loading capacities of an-
tibodies and markers are improved, and the fluorescence intensity and SERS signal become
stronger. Still, much more needs to be achieved to meet the needs of different application
scenarios with more detection functions, such as on-site, nondestructive, multicomponent,
and real-time monitoring. This Special Issue is the collective effort of several authors who
have made important contributions to different detection methods on food safety and are
paving an avenue towards the development of new analytical methods.

Conflicts of Interest: The author declares no conflict of interest.
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Abstract: Listeria monocytogenes is a hazardous foodborne pathogen that is able to cause acute menin-
gitis, encephalitis, and sepsis to humans. The efficient detection of 3-hydroxy-2-butanone, which has
been verified as a biomarker for the exhalation of Listeria nonocytogenes, can feasibly evaluate whether
the bacteria are contained in food. Herein, we developed an outstanding 3-hydroxy-2-butanone gas
sensor based on the microelectromechanical systems using Au/ZnO NS as a sensing material. In this
work, ZnO nanosheets were synthesized by a hydrothermal reaction, and Au nanoparticles (~5.5 nm)
were prepared via an oleylamine reduction method. Then, an ultrasonic treatment was carried out
to modified Au nanoparticles onto ZnO nanosheets. The XRD, BET, TEM, and XPS were used to
characterize their morphology, microstructure, catalytic structure, specific surface area, and chemical
composition. The response of the 1.0% Au/ZnO NS sensors vs. 25 ppm 3-hydroxy-2-butanone was
up to 174.04 at 230 °C. Moreover, these sensors presented fast response/recovery time (6 s/7 s), great
selectivity, and an outstanding limit of detection (lower than 0.5 ppm). This work is full of promise for
developing a nondestructive, rapid and practical sensor, which would improve Listeria monocytogenes
evaluation in foods.

Keywords: Au nanoparticles; ZnO nanosheets; MEMS gas sensor; 3-hydroxy-2-butanone; foodborne-
pathogens detection; food safety

1. Introduction

Listeria monocytogenes (LM) is a foodborne pathogen that is able to cause acute menin-
gitis, encephalitis, and sepsis. It has been found in food samples and raw materials, such
as dairy products, meat products, vegetables, and seafood [1,2]. Since LM has a high
mortality rate (20-30%), it is necessary to establish a rapid and accurate detection method
for the bacteria in food samples and the environment [3]. At present, the detection methods
applied to LM mainly include traditional physiological and biochemical measurements,
molecular biological measurements targeting the virulence factors or specific genes of LM,
and immunological measurements based on specific bindings of antigens and antibodies [4].
These methods generally require a long processing time, professional operators, or expen-
sive instruments [5]. Thus, it is difficult to achieve rapid, nondestructive, and real-time in
situ detection of the bacteria. According to previous studies, 3-hydroxy-2-butanone (3H-2B)
is one of the characteristic microbial volatile organic compounds (MVOCs) of LM, whose
abundance exceeds 32% [6]. Meanwhile, there is an excellent linear relationship between
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the incubation time of LM and the concentration of 3H-2B [7]. Consequently, it is feasible to
realize a nondestructive and rapid evaluation of LM by detecting 3H-2B.

The metal oxide semiconductor (MOS) gas sensors realize gas detection through the
conductivity changes of the MOS materials caused by chemical reactions between materials
and target gases. With their advantages of portability and being economically and envi-
ronmentally friendly, they have quickly become the most practical and widely-used gas
sensors [8]. Since Deng et al. firstly studied 3H-2B sensors using mesoporous WOj3 as sens-
ing materials in 2017 [7], a variety of MOS materials with different morphologies has been
developed and successfully applied to detect 3H-2B, such as WO3 nanoflowers [9], SnO,-
Al,O3 nanocables [10], ZnO-Al,O3 nanocables [11], and NiO nano cuboids [12]. However,
these materials are not all satisfactory in terms of response/recovery time, sensitivity, limit
of detection (LOD), and selectivity. As one of the common n-type semiconductors, ZnO
has the properties of small particles, large exciton binding energy (60 meV), a wide band
gap (3.4 eV), a large specific surface area, and a small size effect [13]. Moreover, changing
the physical morphology of materials is an effective way to improve their performance.
For example, ZnO nanosheets (NS) are considered significant gas-sensing materials due to
their simple synthesis method and excellent properties compared with the original ZnO
described above [14,15].

In addition to morphology control, noble metal modification is also one of the im-
portant means to improve the sensing performance of MOS materials [16-19]. Auis a
typical noble metal and is often selected as a sensitizer to modify MOS because Au is able
to decrease the chemical adsorption activation energy of the measured gases and accelerate
the reaction speed of the material. Moreover, it can also form Schottky contact with the
MOS, so carriers are transferred from the MOS to the noble metal, which increases the
Schottky barrier. At the same time, Au promotes the adsorption of O, molecules, transfers
them to the material surface to form oxygen negative ions, increases the thickness of the
electron depletion layer (EDL), improves the conductivity, and finally improves the sen-
sitivity [20,21]. For instance, Wang et al. showed that at 340 °C, Au/ZnO nanowires had
a fast recovery time, greater response, better selectivity, and lower LOD for benzene and
toluene than pure ZnO nanowires [22]. Therefore, it is feasible to develop a new ZnO NS
gas sensor modified by Au nanoparticles (NPs) to detect 3H-2B, which is important for
realizing the nondestructive and rapid assessment of LM in situ.

In this research, we synthesized ZnO NS by hydrothermal reaction, and prepared Au
NPs (~5.5 nm) via the oleylamine reduction method. Then, we developed an excellent
3-hydroxy-2-butanone gas sensor based on the microelectromechanical systems (MEMs)
using Au/ZnO NS as the sensing material. After working temperature tests, decoration
material analysis, and load proportion optimization, the best performance of 1.0% Au/ZnO
sensors were further studied. The response of these sensors vs. 25 ppm 3H-2B was up to
174.04 at 230 °C. Moreover, the sensors presented fast response/recovery time (6 s/7 s),
excellent LOD (lower than 0.5 ppm), a good linear relationship, and great selectivity.
Moreover, we explored the sensing mechanism according to the surface depletion model
and electric resistance analysis. Such an excellent sensor based on 1.0% Au/ZnO NS
signifies the amazing application potential in real-time, in addition to the nondestructive
and efficient detection of 3H-2B. Considering the relationship between 3H-2B and LM, it
opens up the opportunity to effectively and conveniently evaluate LM in foods, which will
make a tremendous contribution to worldwide food safety.

2. Materials and Methods
2.1. Materials

We acquired chloroauric acid trihydrate (HAuCly-3H,O, >99.9%) and 3-hydroxy-
2-butanone (CH3COCH(OH)CHj, analytical standard) from Sigma-Aldrich, Saint Louis,
United States. We purchased N-hexane from Shanghai Acmec Biochemical Co. Ltd., Shang-
hai, China. We purchased zinc acetate (C4HgO4Zn, >99.99%), urea (CO(NH,),, >99.9%),
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oleylamine (C1gH37N, 80-90%), and other reagents for selective testing from Yasuda chemi-
cal (Jiangsu) Co. Ltd., Huaian, China. We did not refine reagents in this research.

2.2. Instruments

We determined the crystalline form by X-ray diffraction (XRD, X'Pert) with Ni-filtered
Cu Ka radiation (40 kV, 40 mA, 1.54056 A) in the range of 20 = 20 to 80° at 25 °C. We
applied transmission electron microscopy (TEM) and high-resolution TEM (HRTEM; JEOIL
JEM-2011) to determine the microstructure of materials at accelerating voltage of 200 kV. We
analyzed the chemistry composition by X-ray photoelectron spectroscopy (XPS; PHI-5000C
ESCA), operating with Al K« radiation (hv = 1486.6 eV). We charge-corrected binding
energy values to C 1s = 284.6 eV. We tested the specific surface area by the Brunauer-
Emmett-Teller method (BET; ASAP 2460), applying N, as adsorbate at 77 K.

2.3. Synthesis of ZnO NS

We prepared ZnO NS as in previous methods [23-25]. We added 7 g urea and 2 g zinc
acetate to 80 mL deionized water, stirred for 45 min, transferred to 100 mL conical flask,
and laid hermetically in an oven at 95 °C for 6 h. After natural cooling, we centrifuged the
white precipitate, washed, then dried at 80 °C. We calcined precursors in a muffle oven at
300 °C for 2 h to gain ZnO NS. These chemical reactions during the synthesis are shown in
the following chemical equations:

CO(NH,), + 3H,0 — CO 1 + 2NH,OH (1)

NH,OH — NH,* + OH™ 2

47n** + CO, + 60H ™ + 2H,0 — ZnyCO3(OH)s-H,O + 2H* ©)
Zn,CO3(OH)g-H,O — 4Zn0O + CO, 1 + 4 H,O 1 (4)

2.4. Synthesis of Au NPs

We prepared Au NPs as in previous methods [26]. We transferred 20 mL oleylamine
and 118 mg chloroauric acid trihydrate to a three-necked flask (50 mL) and heated to 120 °C
in constant-temperature oil bath, magnetically stirring and refluxing for 15 min. Then,
we increased the temperature of the solution to 200 °C for 15 min, and increased again
to 240 °C for 20 min. Next, we gathered Au NPs by centrifuging, cleaning, and drying.
Finally, we dispersed Au NPs in N-hexane for further preserving. We carried out similar
methods to prepare Pd and Pt NPs.

2.5. Synthesis of Au/ZnO NS

We prepared Au/ZnO NS as in previous methods [27]. We dispersed 100 mg ZnO NS
in 30 mL deionized water. Then, we added various amounts of Au NPs to these solutions.
Afterward, we ultrasonically stirred the solutions for 2 h. We set the mass percent of Au in
the materials as 0.5, 1.0, 1.5, and 2.0 wt.%. Finally, we marked the nanocomposites as 0.5%
Au/ZnONS, 1% Au/ZnO NS, 1.5% Au/ZnO NS, and 2% Au/ZnO NS, and dried at 60 °C.
In order to compare with Au/ZnO NS, we decorated 1.0 wt.% Pd and Pt NPs on ZnO NS
and marked as 1.0% Pd/ZnO NS and 1.0% Pt/ZnO NS.

2.6. Preparation of the Sensors

We prepared the MEMS sensors according to the previous research [27]. The sensors
possessed an interdigital electrode and an integrated microheater (Figure S1). Specifi-
cally, the resistance changes can be observed by the interdigital electrode, and a stable
working temperature can be provided by the microheater. First of all, we transferred the
gas—sensitive material and deionized water into an agate mortar and polished for 5 min to
obtain a paste. Then, we added a drop of the abovementioned sample to the Pt interdigital
electrode. After drying in an oven, we aged the ZnO sensors at 160 °C.
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3. Results
3.1. Materials Characterization

As presented in Figure 1, ZnO NS were prepared by the one-step hydrothermal method
combined with calcination, in which zinc acetate was the zinc source. Then, the oleylamine
reduction method was used to synthesize Au NPs. Next, Au NPs were decorated on ZnO
NS by ultrasonic treatment, in which the mass percentages of the Au element in Au/ZnO
NS were set as 0.5, 1.0, 1.5, and 2.0 wt.%.

treatment \Y

‘ Zinc acetate

. Chloroauric acid . Au nanoparticles Au/ZnO nanosheets

Figure 1. The synthesis schematic illustration of Au/ZnO NS.

The crystal structure and phase of pristine ZnO and 1.0% Au/ZnO NS were measured
by XRD. According to Figure 2, the two peaks belonging to pristine ZnO NS and 1.0%
Au/ZnO were indexed as hexagonal ZnO (JCPDS card no. 89-0510). The lattice constants of
it were a =3.25 x 1071 m and ¢ = 5.20 x 1071% m. There were no other stray peaks except
the peaks belonging to ZnO, which illustrated that ZnO NS as-prepared had excellent
purity. Meanwhile, the characteristic patterns of Au were not presented in the peaks of
1.0% Au/ZnO NS because of the weak peak intensity and the low load rate of Au [28].

TEM was performed to determine the morphology of sensing materials. As shown in
Figure 3a, ZnO NS with typical nanosheet characteristics had lengths of about 40-60 nm.
Their edge was clear and their boundary with the background was obvious, indicating that
they had very good crystallinity [29]. Figure 3b presents the lattice spacing of ZnO NS,
which was 0.19 nm, corresponding to the hexagonal ZnO (0 0 2) plane [30]. Figure 3c,d
show Au NPs with diameters around 5.5 nm are uniform in size with great dispersion and
crystallinity. The interplanar spacing of Au NPs was 0.24 nm, corresponding to the Au
(111) plane [31]. Figure 3e shows a number of Au NPs were loaded on ZnO NS. The lattice
spacing of the ZnO (0 0 2) and Au (1 1 1) plane are clearly shown in the HRTEM image of
1.0% Au/ZnO NS (Figure 3f). This revealed that Au NPs had been favorably decorated
on ZnO NS. Moreover, the STEM-EDS elemental mapping images in Figure 3g—i showed
that Zn, O, and Au elements were uniformly distributed in ZnO NS, further proving the
success of Au/ZnO NS synthesis.
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Figure 2. XRD patterns of ZnO NS and 1.0% Au/ZnO NS.

Figure 3. (a) TEM and (b) HRTEM images of pure ZnO NS. (c¢) TEM images and the particle size
distribution of Au NPs. (d) HRTEM image of Au NPs. (e) TEM and (f) HRTEM images of 1.0%

Au/ZnO NS. (g-i) STEM—EDS elemental mapping images of 1.0% Au/ZnO NS.

The chemical states of ZnO NS and the 1.0% Au/ZnO NS surface were applicated
by the XPS analysis. The full spectrum is displayed in Figure 4a, which shows the signal
intensity of Zn 2p, O 1s, and C 1s. It further shows that as-prepared ZnO NS had very
high purity. Moreover, in the spectra of 1.0% Au/ZnO NS (Figure 4b), two weak peaks
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at 87.6 eV and 83.9 eV were distinguished to Au 4f;,, and Au 4f5,,, revealing the Au
element was in the valence of Au® [32,33]. The O 1s patterns exhibited in Figure 4c were
resolved by a Gaussian function to three peaks at 529.6, 531.1, and 531.4 eV, which were
characteristic peaks of adsorbed oxygen (O,gs), defect oxygen (Ogef), and lattice oxygen
(Or1at) [34,35]. The gas-sensing properties of sensitive materials were significantly affected
by the valence of oxygen on their surfaces [28,36]. Figure 4c,d show the ratio of O,qs
and Ogef in pure ZnO NS increased from 10.2% and 21.0% to 14.8% and 27.2% after Au
NPs sensitizing. In general, Oy, made little contribution to the electron transfer of n-type
semiconductors because it was difficult to react with the measured gases. However, Ogf
and O,q4s were in activity, so they could take part in a redox reaction and significantly
increase the main charge-carriers’ concentration [37]. Therefore, the modification of Au
NPs significantly increased the proportion of oxygen that participated in the reaction on
the surface of Au/ZnO NS. This change may improve the sensitivity of the materials [28].
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Figure 4. (a) Full XPS spectrum of ZnO NS and 1.0% Au/ZnO NS. (b) High-resolution Au 4f XPS
spectra of 1.0% Au/ZnO NS. (¢,d) High-resolution O 1s XPS spectra of ZnO NS and 1.0% Au/ZnO NS.

The N, adsorption—desorption isotherms and BJH pore size distribution of ZnO NS
and 1.0% Au/ZnO NS are exhibited in Figure S2. Both the pristine ZnO NS and 1.0%
Au/ZnO NS were consistent with the characteristic type IV adsorption isotherm due to
the hysteresis loops shown in Figure S2a,b. It proved that as-prepared materials had

10



Biosensors 2022, 12, 803

a mesoporous framework [38-40]. Compared with the specific surface area of ZnO NS
(24.74 m?/g), the specific surface area of 1.0% Au/ZnO NS increased by 20.3% (29.77 m?/g).
Thus, 1.0% Au/ZnO NS had more effective adsorption sites to further improve the sensitiv-
ity. Moreover, the results above also revealed that most Au NPs were uniformly distributed
on ZnO NS [41,42].

3.2. Gas-Sensing Properties

As mentioned above, 3H-2B has a 32.2% abundance in the MVOCs of LM, and the
concentration of it is linearly related with the number of LM [6,7]. Thus, it is a simple and
efficient way to indirectly evaluate LM in foods by detecting 3H-2B, ensuring food safety.
Based on this, the environmentally-friendly MEMS sensors with magnificent sensitivity,
high throughput, and miniaturization were fabricated, the method of which was described
in previous work [27] using as-synthesized materials for 3H-2B detection.

For all MOS gas sensors, the operating temperature is an important factor that sig-
nificantly affects their sensitivity [43]. Therefore, the sensors were firstly analyzed at
temperatures from 170 °C to 290 °C vs. 25 ppm 3H-2B. It must be noted that for the n-type
MOS gas sensor and reducing target gases, the response is defined as the value of Ryjr
divided by Rgas (see more details in Supplementary Material). The optimum operating
temperature of the pure ZnO NS was 260 °C (Figure 5a), when the response reached about
25. Then, the sensitive properties of the sensors after being decorated by Au NPs were
obviously improved. While 1.0% Au/ZnO NS had the highest response as 174.04, which
was almost seven times that of ZnO NS, its optimum working temperature was reduced to
230 °C. Moreover, most sensors presented the best performance at 230 °C, so the optimum
operating temperature was set to 230 °C for following tests. Figure 5b exhibits the dynamic
responses of 1.0% Au/ZnO NS, 1.0% Pd/ZnO NS, 1.0% Pt/ZnO NS, and pure ZnO NS
vs. 1-25 ppm 3H-2B. Similar to the above results, the 1.0% Au/ZnO NS sensors showed
the greatest sensitivity. Moreover, the responses of all sensors increased with the injection
quantity of 3H-2B from 1 to 25 ppm and decreased from 25 to 1 ppm. During the rise and
fall of the response value, when the concentration of 3H-2B was the same, the responses
were almost the same. This indicated that the sensors had outstanding reversibility and
repeatability [44]. These characteristics were also observed in the dynamic responses of
0.5%, 1.0%, 1.5%, and 2% Au/ZnO NS to 1-25 ppm 3H-2B (Figure 5c). According to the
results in Figure 5b,c, 1.0% Au/ZnO NS sensors are considered to be the most outstanding.
Meanwhile, the Au/ZnO-based gas sensor also presented a good linear relationship with
the 3H-2B concentration, in which the R? values were all greater than 0.99 (Figure 5d). To
explore the LOD of the sensors, the response of 1.0% Au/ZnO NS vs. 3H-2B at 0.5 ppm was
measured. As shown in Figure S3, the response of the 1.0% Au/ZnO NS sensor was vivid
and evident (close to five) despite the 3H-2B concentration being only 0.5 ppm. Generally,
the limit of the LM concentration in foods cannot exceed 100 CFU/g~!. According to
the previous study, when the concentration of LM was 100 CFU/g ™!, the corresponding
concentration of 3H-2B was about 2.5 ppm [7]. However, the response of 1.0% Au/ZnO NS
sensors was nearly 20 towards 2.5 ppm 3H-2B, which was significant enough to evaluate
whether the foods were safe.
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Figure 5. (a) Response of pure ZnO NS, 1.0% Pd/ZnO NS, 1.0% Pt/ZnO NS, and Au/ZnO NS
to 25 ppm 3H-2B at working temperature from 170 °C to 290 °C. (b) Dynamic responses of 1.0%
Au/ZnO NS, 1.0% Pd/ZnO NS, 1.0% Pt/ZnO NS, and pure ZnO NS to 1-25 ppm 3H-2B at 230 °C.
(c) Dynamic responses of 0.5% Au/ZnO NS, 1.0% Au/ZnO NS, 1.5% Au/ZnO NS, and 2.0% Au/ZnO
NS to 1-25 ppm 3H-2B at 230 °C. (d) Linear relationship between responses of 0.5% Au/ZnO NS,
1.0% Au/ZnO NS, 1.5% Au/ZnO NS, 2.0% Au/ZnO NS, and ZnO NS with 3H-2B concentrations
(1-50 ppm) at 230 °C.

However, the rapid response/recovery time is one of the essential characteristics for
gas sensors. So, that of Au/ZnO NS and ZnO NS towards 25 ppm 3H-2B was assessed and
exhibited in Figure 6a. The response/recovery times of Au/ZnO NS were between 4 s and
155, and that of ZnO NS was 7 s and 20 s, respectively. This revealed that the modification of
Au NPs significantly improved the response/recovery speed of the materials. Although the
response/recovery time (6 s and 7 s) was not the fastest, it was still rapid enough to satisfy
the urgent need for 3H-2B detection in real time. The responses of both 1.0% Au/ZnO
NS and ZnO NS sensors were almost the same after five repeats of the test (Figure 6b),
indicating that the reversibility and repeatability of these sensors were considerable, as
mentioned above. Moreover, Figure S4 displayed the long-term stability of 0.5%, 1.0%, 1.5%,
and 2.0% Au/ZnO NS sensors at 230 °C towards the concentration of 3H-2B at 10 ppm. The
responses of these sensors fluctuated indistinctly when they were examined every 5 days
in a month. This was enough to illustrate the good long-term stability of these sensors.
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Then, the selectivity and discrimination analyses of these sensors were carried out due to
the necessity of selectivity and discrimination characteristics for all sensors [45,46]. For
studying the selectivity, the responses of Au/ZnO NS and ZnO NS sensors to formaldehyde,
methanol, ethanol, ammonia, benzaldehyde, acetone, butanedione, and 3H-2B at 230 °C
were investigated (Figure 6¢). Their concentrations were all 25 ppm. Obviously, the
responses of Au/ZnO NS and ZnO NS sensors toward 3H-2B were much higher than
the responses towards other gases. Thus, the selectivity of these sensors, especially 1.0%
Au/ZnO sensors, was quite outstanding. Meanwhile, the chemical sensitization effect
was proven to be the most critical factor of enhanced sensitivity because the ratio of Au
NPs decorated on ZnO NS barely influenced the selectivity [20,28]. The results of the
discrimination evaluation are shown in Figure 6d. Compared with the response of the 1.0%
Au/ZnO NS sensor to 25 ppm 3H-2B, the variation of the responses did not exceed 10%,
no matter what interference gases were mixed with 3H-2B. Therefore, the selectivity and
discrimination of the 1.0% Au/ZnO NS sensor were considerable.
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Figure 6. (a) The response/recovery time of 0.5% Au/ZnO NS, 1.0% Au/ZnO NS, 1.5% Au/ZnO
NS, 2.0% Au/ZnO NS, and ZnO NS towards 25 ppm 3H-2B. (b) The repeatability of 1.0% Au/ZnO
NS and ZnO NS to 3H-2B towards 25 ppm. (c) The selectivity of 0.5% Au/ZnO NS, 1.0% Au/ZnO
NS, 1.5% Au/ZnO NS, 2.0% Au/ZnO NS, and ZnO NS towards 25 ppm interference gases and
3H-2B. (d) The discrimination test of 1.0% Au/ZnO NS sensors to the response of the mixed gas
containing 25 ppm 3H-2B and other interference gases. All tests were operated at 230 °C.
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Based on all the assessments and data above, the 1.0% Au/ZnO NS sensor has exhibited
excellent gas-sensing performance. Furthermore, comparisons of its properties with other
MOS-based 3H-2B sensors in the previous research are presented in Figure 7 and Table S1.
The indicators for comparisons mainly included the optimum working temperature, re-
sponse to 3H-2B, response/recovery time, and LOD. According to the comparison, the
properties of the 1.0% Au/ZnO NS sensor were almost superior in every index compared
with other recently reported sensors reported [5,7-11,36]. Thus, it verified that the 1.0%
Au/ZnO NS sensor had amazing application potential for the rapid, high-sensitivity, and
good-selectivity detection of 3H-2B. This was also the basis for the real-time, nondestructive,
and efficient evaluation of LM.
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Figure 7. The comparison of the gas sensing performances of the 3H-2B sensors with other MOS-
based 3H-2B sensors in previous research [5,7-11,36].

3.3. Gas-Sensing Mechanism

The sensing mechanism of ZnO NS adheres to a surface depletion model because
ZnO NS is a kind of n-type MOS [47]. The reactions between the MOS surface and gas
environment are the critical factors for the resistance change. Once ZnO NS is exposed to
air, O molecules are adsorbed to the surface of ZnO NS through capturing electrons from
the conduction band. At the same time, oxygen molecules convert into various kinds of
O,gs ions. The reactions during the procedure are shown in the following equations:

O2gas = O2.ads ©)]
Ozads +€ = 02 ads (6)
Oy ags+e — 20 .4 7)
O agste =0 4 ®)

Meanwhile, the potential barriers and resistances of the materials are increasing due
to the construction of thick EDL on the ZnO NS surface. However, when ZnO NS comes
into contact with 3H-2B, active O,q5 ions on the material’s surface oxidize 3H-2B, which
returns electrons to ZnO NS. The reaction is shown in the following equation [7]:

CH;CHOHCOCH; + 100~ 445 — 2CO5 + 4H,0 + 10e~ ©)

The electrons returned to ZnO NS are able to decrease the potential barriers and
resistance of ZnO NS, which is displayed in Figure 8a,b [37]. In Au/ZnO NS, Au NPs can
reduce the chemical adsorption activation energy of 3H-2B, which speeds up the reaction
between 3H-2B and the O,45 ions. At the same time, the spillover effect occurs. Au NPs
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improve the adsorption efficiency of oxygen molecules and transfer them to the Au/ZnO
NS surface, leading to the increased concentration of O,4s. Moreover, the Schottky junction
can be formed between Au NPs and the material interface. Moreover, compared with the
work function of ZnO (4.65 eV), that of Au (5.1 eV) is higher; therefore, Au NPs attract
more electrons from the conduction band of ZnO. All these processes greatly increase
the thickness of EDL and the resistance of Au/ZnO NS, which improve the sensitivity
significantly [20,21,48]. Figure 8c shows that the resistance of 1.0% Au/ZnO NS in the air
was much higher compared with the resistance of pristine ZnO NS. Then, the resistance
of 1.0% Au/ZnO NS decreased lower than that of ZnO NS after the 3H-2B injection. This
phenomenon provided favorable support for the above mechanism analysis.
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Figure 8. (a) The schematic illustration of 3H-2B sensing mechanism. (b) Electron structure change
and (c) resistance change of ZnO NS and 1.0% Au/ZnO NS in air and 3H-2B.

4. Discussion and Conclusions

In this work, ZnO NS was synthesized by a hydrothermal reaction, and Au NPs
(~5.5 nm) were prepared via the oleylamine reduction method. Then, an ultrasonic treat-
ment was carried out to modified Au NPs and ZnO NS, which were represented as Au/ZnO
NS. XRD, BET, TEM, and XPS were used to characterize their morphologies, microstruc-
tures, catalytic structures, specific surface areas, and chemical compositions. The efficient
3H-2B gas sensors based on the MEMS were constructed using Au/ZnO NS as the sens-
ing material. The response of the sensors vs. 25 ppm 3H-2B was up to 174.04 at 230 °C.
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Moreover, the Au/ZnO NS sensors presented fast response/recovery times (6 s/7 s), low
LOD (0.5 ppm), a good linear relationship, and great selectivity. The gas sensors based on
Pd/ZnO NS, Pt/ZnO NS, and pure ZnO NS were further studied to make comparisons
with Au/ZnO NS. The enhanced responses of the sensors are primarily attributed to the
morphology and structure improvements of Au/ZnO NS, the spillover effect, and the
work function difference. Thus, such an excellent sensor signifies amazing application
potential for the real-time, nondestructive, and efficient detection of LM, which will make a
tremendous contribution toward worldwide food safety.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/bios12100803/s1, the “preparation of ZnO sensors” and “gas
sensor measurement” sections; Figure S1: Schematic illustration for the description of MOSs sensors.
(a) The panoramic view of the MEMS gas sensor test system. (b) The measuring circuit of MEMS gas
sensor. (c) The test base schematic of the MEMS gas sensor. (d) The exploded views of the test base;
Figure S2: The N, adsorption—-desorption isotherms and BJH pore size distribution of (a) ZnO NS
and (b) 0.5% Au/ZnO NS; Figure S3: The limit of detection of 1.0% Au/ZnO NS towards 0.5 ppm
3H-2B at 230 °C; Figure S4: The long-term stability of 0.5% Au/ZnO NS, 1.0% Au/ZnO NS, 1.5%
Au/ZnO NS, and 2.0% Au/ZnO NS towards 10 ppm 3H-2B at 230 °C; Table S1: The comparison of
the gas sensing properties of 1.0% Au/ZnO NS sensors with other MOS-based 3H-2B sensors in the
previous research. References [5,7-11,27,36] are cited in Supplementary Materials.
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Abstract: Teas based on nutraceutical herbs are an effective tool against hyperlipidemia. However, the
adulteration with chemical drugs is frequently detected. By coupling bioluminescent bioautography
with high performance thin-layer chromatography (HPTLC), we developed a facile method suitable
for screening hypolipidemic drugs (ciprofibrate and bezafibrate) adulteration in five different herbal
teas (lotus leaf, Apocynum, Ginkgo biloba, Gynostemia and chrysanthemum). First, the sensitivity of
a bioluminescent bacteria to the analyte was evaluated on different HPTLC layer materials, revealing
that the best performance was achieved on the silica gel layer. On this basis, sample extracts were
separated on silica gel plates via a standardized HPTLC procedure, forming a selective detection
window for the targeted compound. Then, the separation results were rapidly visualized by the
bioluminescence inhibition of bacteria cells within 6 min after dipping. The observed inhibition
displayed an acceptable limit of detection (<20 ng/zone or 2 mg/kg) and linearity (R? > 0.9279) within
a wide concentration range (50-1000 ng/zone). Furthermore, the optimized method was performed
with artificially adulterated samples and the recovery rates were determined to be within the range
of 71% to 91%, bracing its practical reliability. Showing superiorly high simplicity, throughput
and specificity, this work demonstrated that the analytical method jointly based on HPTLC and
bioautography was an ideal tool for screening bioactive compounds in complex biological matrix.

Keywords: HPTLC; bioluminescence; herbal tea; hypolipidemic activity; adulteration
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Hyperlipidemia is a metabolic disease characterized of abnormally increasing total
cholesterol, low-density lipoprotein cholesterol and triglyceride levels or decreasing high-
density lipoprotein cholesterol. Hyperlipidemia has been a highlighted risk factor for

Received: 11 February 2023 public health since it is closely related to cardiovascular diseases and is the major cause of
Revised: 9 March 2023 morbidity and mortality world-widely. Remarkably, the prevalence of lipid metabolism
Accepted: 10 March 2023 disorder is rapidly increasing not only in the elderly people, but also in the adolescent,

Published: 17 March 2023 which may be attributed to the high-oil dietary and irregular lifestyle. The modern pharma-

® cological medication is an effective way to maintain normal lipid profile but is associated
with many side-effects.

Copyright: © 2023 by the authors. In this regard, marked attention was paid to the health tea based on nutraceutical herbs.
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More importantly, these nutraceutical herbs have a long history as food stuff, guar-
anteeing their safety as important ingredients of health tea. As hypolipidemic active
nutraceutical herbs have become increasingly popular in the health food markets around
the world, the adulteration with synthetic potent drug poses a serious challenge to food
safety agencies. Not surprisingly, this has been a common problem of herb products.
For example, many “all natural” herb product claimed to improve sexual performance
have artificially added a 5-phosphodiesterase inhibitor that is originally used as a relaxing
cardiovascular smooth muscle drug [7].

Many methods had been proposed for authenticating herbal tea [8,9]. In contrast to the
“gold method” based on column chromatography, high performance thin-layer chromatog-
raphy (HPTLC) gained remarkable attention. Conventionally, HPTLC was underestimated
for its relatively poor separation and low sensitivity. Nevertheless, the unique merit of its
compatibility was highly acknowledged [10-14]. Apart from that, HPTLC also displayed
many intrinsic advantages, such as simplicity, matrix-tolerance and high-throughput. This
enabled the analyst to expand the capacity of HPTLC by easily integrating a large array
of assays that conventionally performed interpedently, such as surface enhanced Raman
spectroscopy [15-17] and IR [18,19]. Particularly, HPTLC separation in combination with
elaborately chosen effect-directed assays, also termed bioautography, had been demon-
strated a novel and promising tool for screening of compounds with specific bioactivity in
bio-mixtures [20-23].

In this work, a selective and reliable HPTLC method for screening two hypolipidemic
drugs, including ciprofibrate (CPF) and bezafibrate (BZF), was developed with a sensitive
bioautography based on the response of microbial bioluminescence, which was completely
different from conventional chemical derivatization. In addition, the established method
was further validated with different herb extracts to evidence its applicability.

2. Materials and Methods
2.1. Chemicals and Instruments

The reference standard of ciprofibrate (purity > 99%, HPLC) and bezafibrate (purity
> 96.0%, HPLC) were purchased from Aladdin (Shanghai, China). Na,HPO,, KH,;POy,
glycerol and other reagents with analytical purity was purchased from Sigma-Aldrich
(Shanghai, China). Peptone and yeast extract were from Sinopharm (Beijing, China). A Mil-
lipore Synergy system (Schwalbach, Saarland, Germany) was used to prepare Ultra-pure
water. A HPTLC work station, including a semi-auto sampler Linomat 5, an automatic
developing chamber ADC2 and biovisualizer was from CAMAG (Muttenz, Basel, Switzer-
land). Ultrasonic water bath (CSSY-80) was from Yichen (Jintan, Jiangsu, China).

Six different glass backed plates was used: (1) silica gel Fps4 plates (analytical grade,
10 cm x 20 cm, serial No. 1.05729.0001) were from Merck (Darmstadt, Germany); (2) NH;
bonded silica gel Fps4 plates (analytical grade, 10 cm x 20 cm, serial No. 811111) were
from MN (Diiren, Bayern, Germany); (3) the silica gel plates (10 cm x 20 cm), Neutralized
aluminum oxide plates (10 cm x 10 cm), Acidified aluminum oxide plates (10 cm x 10 cm)
and Diatomite plates (10 cm x 10 cm) were from Qingdao Haiyang (Qingdao, Shandong,
China). Five authentic health teas based on lotus leaf (LL), Apocynum (AC), Ginkgo biloba
(GB), Gynostemia (GS) and chrysanthemum (CT) were purchased from the local market.

2.2. Preparation of Bioluminescent Suspension

The bioluminescent bacteria strain Photobacterium phosphoreum was provided by Nan-
jing Institute of Soil Science, Chinese Academy of Sciences. The method of preparing
bacterial suspension with bioluminescence was principally based on the steps previously
described [23,24]. When strong greenish bioluminescence became observable to eye inspec-
tion, as shown in Figure 1, the bacterial suspension was diluted with another 100 mL liquid
medium prior to usage.
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Figure 1. Bioluminescence of the bacteria suspension.

2.3. Preparation of Standard Solution

An amount of 10 & 0.1 mg reference standards of CPF and BZF were added into a
10 mL volumetric flask, respectively. The flask was filled with 10 mL methanol, resulting in
1 mg/mL standard stock solution. The working solution was prepared by further diluting
the stock solution to 0.02 mg/mL.

2.4. Preparation of Tea Samples

The dried tea samples were smashed to powder. An amount of 1 g sample powder
was mixed with 10 mL methanol. The mixture was conditioned in ultrasound bath at 25 °C
for 30 min, then centrifuged at 5000 rpm for 5 min. An amount of 5 mL of the obtained
supernatant was evaporated and recovered with 0.5 mL methanol. Then, the extract was
filtered through 0.45 pm nylon membrane for further analysis.

2.5. HPTLC Steps

With a Linomat 5 semi-automatic sampler, solution of standards and samples extract
(10 uL) were sprayed as 6 mm bands, facilitated by a 0.5 MPa nitrogen stream. Dosage
speed of spraying is 100 nL/s, with predosage volume at 0.2 nL. The band array was 10 mm
from the plate bottom and at least 15 mm from both sides.

After evaporating the sample solvent in the application band, chromatography was
performed in the ADC-2 automatic developing chamber using ethyl acetate+methanol
(9 + 1 mL) as the mobile phase with constant settings: 3 min humidity control with satu-
rated MgCl,, 10 min chamber saturation, 10 min plate pre-conditions and 60 mm migration
distance. Then, the mobile phase residue was completely evaporated at 80 °C for 5 min.
Pictures of the separation results on the HPTLC plate was documented by a HPTLC image
system DD70, illuminated by 254, 366 nm and with light, respectively.

2.6. Documentation and Analysis of the Bioluminescent Image

After chromatography, the dried plate was dipped into the prepared bacteria suspen-
sion with strong bioluminescence by a TLC immersion Device 3, with constant settings:
dipping speed 1 mm/s and staying time 2 s. Then, the plate was immediately placed into
the sample chamber of a biovisualizer. Then, documentation of bioluminescence images
was saved in black/white and colorful format, respectively. The bioluminescent inhibition
profile was quantitative evaluated by Videoscan, respectively, based on the grayscale value
of pixels.
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3. Result and Discussion
3.1. Optimization of HPTLC Layer Material

The spectroscopic character of the targeted analyte of this study was poor, neither
with nature fluorescence nor fluorescence quenching. Therefore, they were hardly visible
on the HPTLC plate, necessitating derivatization. Different from conventional chemical
derivatization reactions, bioautography based on whole cell displayed strong dependence
on layer materials, which had been experimentally evidenced in the HPTLC analysis of
antibiotics [25] and alkaloid [26]. Such layer-induced sensitization can be employed to
strength the detectability of analyte. In this regard, we evaluated the bioautography results
of the analyte deposited on five most used HPTLC layer materials, including silica gel,
NH2-silica gel, acidified /neutralized aluminum oxide and diatomite. After dipping, the
bioluminescence from the bacteria differed dramatically, as comparatively summarized
in Table 1. Plate layers made of aluminum oxide and diatomite were demonstrated to
be not suitable for the used bioautography because their exposure strongly inhibited the
bioluminescence. Meanwhile, brilliant background can be observed both on silica gel and
NHy-silica gel. However, sensitive inhibition spots down to 20 ng/zone can be observed
on the silica gel, while no inhibition spot was detected on NHj-silica gel. Therefore, the
Fys4 silica gel plate was used for further study.

Table 1. Characterization of the effects of layer materials on the detectability. Note: Images were
from plates without development after 8 min exposure to bacteria suspension.

Group 1
NH,-Silica gel Fas4 Silica gel Fpsg Silica gel
N 4 d d 4
50— \ \ \ \
L . /SI ° /SI/\/\NHZ —$i—0- Si—OH —$i—0— Si—OH
ayer materials d d d d d
\ N N N N
,Siiofs/\/\NHz —$i—0~ Si—OH —$i—0- $i—OH
\ O\ o\ 0\
Exposure time
posu 8 0 8 0 8
(min)
CPF 20ng CPF 20ng 1 CPF 20ng CPF 20ng cPF 20ng CPF 20ng
BZE 20ng B2zF 20ng |BzF = 20ng BZF 20ng BZF 20ng BZF 20ng
Image PR 100ng CPF 100ng o AT o A0t CPF e 10008 CPE M 10078
BZF 100ng BZF 100 ng IBZF s 100 ng BZF e 100 ng BZF 100 ng BZF s 100 ng
Usability NO YES YES
Group 2
Laver materials Neutral aluminum oxide Acidified aluminum oxide Diatomite
Y ALO; ALO;, Si0,
Exposure time
posul 0 0 8 0 8
(min)
Image
Usability NO NO NO
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3.2. Optimization of Bioluminescent Bioautography

Different from conventional derivative reactions, the targeted molecule must penetrate
the membrane of bacterial before its cytotoxicity can be sensed. Therefore, the biolumines-
cence inhibition pattern showed strong time-dependence in the initial few minutes. Apart
from that, it must be kept in mind that the area of inhibition zone also increased along
with exposure time due to diffusion. To fix an optimal balance between detectability and
resolution, we quantitatively evaluated the change of inhibition profiles in the initial 12 min
of exposure. As shown in Figure 2a, weak inhibition spots can be observed immediately
after exposure. Then, the inhibition strength increased rapidly along with incubation time.
Figure 2b—c further analyzed the change quantitatively, from which it was clear that the
intensity of inhibition caused by BZF reached a platform stage after 6 min exposure, while
the time for CPF was 8 min. Thereafter, signal intensities changed insignificantly, while
zone diffusion became apparent. Considering these results, pictures were documented at
8 min after dipping for further experiments.
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Figure 2. (a) The change of bioluminescent inhibition pattern within the initial 12 min after dipping.
Track assignment: a—BZF, b—CPF; corresponding peak area variation profile for (b) BZF and (c) CPF.

3.3. Optimization of Chromatographic Conditions

The complexity of the targeted samples raised a serious challenge to the selectivity
of detection. In order to prevent background interferences due to co-extractants, chro-
matographic conditions were optimized before bioautography. First, a trail of mixtures
containing methanol, ethanol and ethyl acetate were tested for the separation. The se-
lection of mobile phase was based on two principles: viscosity and toxicity being as low
as possible. After comparison, it was found that the mixture of ethyl-acetate+methanol
(9 + 1 mL) gave a preferable window of the targeted compound; in contrast, most endoge-
nous substances that were not fully visible to 254 nm light were pushed upward, as shown
in Figure 3a—c. This enabled straightforward identification of possible adulteration. More-
over, semi-quantitative data can be estimated simply by eye inspection, which was greatly
suitable to screening tasks.
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Figure 3. Images of a developed plate under different conditions: (a) underivatized-254 nm light,
(b) dipped into bacterial suspension-bioluminescence inhibition (black/white mode) and (c) dipped
into bacterial suspension-bioluminescence inhibition (color mode). Track assignment: 1 LL, 2 spiked
LL, 3 AC, 4 spiked AC, 5 GB, 6 spiked GB, 7 CPF standard, 8 BZF standard, 9 GS, 10 spiked GS,
11 CT and 12 spiked CT; mobile phase ethyl acetate + methanol (9/1, v/v), standards concentration
150 ng/zone.

3.4. Precision and Sensitivity

As an alternative to straightforward eye inspection, evaluation of the digital image
by software enabled a more precise analysis of the bioautographic results. This was
principally based on virtually converting the grayscale pixel to chromatogram. Thus far,
there had been a couple of software available to extract quantitative data from digitalized
HPTLC images [27]. In this study, the software Videoscan tailored for analyzing HPTLC
images were used for obtaining the integration result of chromatographic peak, which was
exemplarily shown in Figure 4.

-
,! == .| =] 2|w?| TS| x| alalal
3| e il L] o om] £ Mivel] 2] || ] Slole] & |
T =
|
BzF ——— D——

Far Help, press F1

Figure 4. Quantitative analysis of the bioluminescence inhibition spots in HPTLC image by
Videoscan software.

From the pixel analysis, it was revealed that the baseline drifting of the chromatogram
was usually more serious than that of chemical derivatization. Therefore, the precision
of detection was assessed first. From the obtained data, it was revealed that the overall
RSD% of detection was <11.8% and therefore acceptable for screening analysis. In order
to determine the limit of detection of the established method. Analyte zones at gradient
concentrations from 25 to 5 ng/zone was assessed. Noticeably, the inhibition signal caused
by the analyte did not display linear at concentrations <20 ng/zone. More specifically,
spots of the analyte at 20 ng/zone were still visible. However, if the concentration was
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reduced to the 15 ng/zone, the inhibition became invisible. In another word, the sensitivity
of this method was >20 ng/zone. Taking the application volume into consideration, this
detectability was equal to 2 mg/kg.

3.5. Linearity and Accuracy

Based on the optimized conditions, we further evaluated the signal-concentration
relationship within the critical concentration range 50-1000 ng/zone. As shown in Figure 5,
the chromatographic signals transformed from pixel grayscale values conformed dose-
dependence with coefficient of determination R? > 0.9279, suggesting that the developed
method was acceptable for quantitatively screening. In order to access the accuracy of
analysis, blank samples with artificial adulteration were measured. As internal standard,
three levels of the analyte at concentrations at 5 mg/kg, 10 mg/kg and 20 mg/kg, re-
spectively, were spiked into the sample extraction mixture. As summarized in Table 2,
the calculated recovery rates for all spiked extracts were within the range of 71% to 91%,
showing little dependence on the sample matrices. These quantitative results conclusively
evidenced that the established method could be a robust tool for screening the analyte in
herbal tea samples.

(a) - (b) a-x X kK .
50 100 200 300 400 S00 750 1000 S50 100 200 300 400 500 750 1000
100,000 G 100,000 G
90,000 90,000 A
= 62.789x + 26312
S y=oaisnsdnla g o y=63.038x% + 19713
= R2=0.9279 e R2=0.9875 o
<€ 70000 70.000 ot
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[l 3
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Figure 5. Does-dependence profile of inhibition zones caused by the analyte from 50-1000 ng/zone:
(a) BZF and (b) CPF.

Table 2. Accuracy evaluation of the established method.

Recovery Rate (%) *

Analyte Spiked Levels (mg/kg) L AC GB Gs oT
BZF 5 8147 79+6 86 +8 80 £5 85+5
10 90 £ 8 89 +9 85 +7 78+t 6 71+ 4

20 8248 84 +5 88 +8 72+6 78+7

CPF 5 74+7 787 83 +5 83 +7 85+ 6
10 89 +7 90 +£9 83+6 87+6 81+7

20 78 £3 83 +8 91+8 8 +7 90 + 8

* The RSD% was calculated from three duplicates.

4. Conclusions

In this work, a fast and facile HPTLC method was developed for the screening of
chemical adulteration in herbal tea with hypolipidemic activity. First, the bioluminescent
assay was optimized with different HPTLC layer materials. Then, the strong background
noises due to co-extracted sample matrices were prevented by separation on HPTLC plate.
Under optimization of chromatography and bioautography conditions, the developed
method gave an acceptable limit of detection and linearity (R?> > 0.9279) within a wide
concentration range (50-1000 ng/zone). Meanwhile, the validation with real samples
suggested that this method had enough accuracy (spike-recover rate within 71% to 91%).
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This work demonstrated that HPTLC was a promising platform for the effect-direct assay,
which was able to greatly simplify the screening and identification of bioactive compounds
in food.
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Abstract: Considering that the strip method is simple and convenient for users, a Europium
nanosphere-based time-resolved fluorescent immunochromatographic assay (TRFICA) for the rapid
screening of 4,4'-dinitrocarbanilide (DNC) was developed to improve the performance of strip assays.
After optimization, TRFICA showed ICs, the limit of detection, and cut-off values of 0.4, 0.07, and
5.0 ng mL ™1, respectively. No significant cross-reactivity (CR < 0.1%) with 15 DNC analogs was
observed in the developed method. TRFICA was validated for DNC detection in spiked chicken
homogenates, and recoveries ranged from 77.3% to 92.7%, with coefficients of variation of <14.9%.
Moreover, the time needed for the detection procedure, including the sample pre-treatment, was less

) than 30 min for TRFICA, which had never been achieved before in other immunoassays. The newly
Citation: Zou, M.; Yin, Y.; Guo, L.;

Zhang, Q.; Li, J.; Zhang, H.; Song, Q.;
Li, Z.; Wang, L.; Ao, X,; etal. A

Europium Nanosphere-Based

developed strip test is a rapid, sensitive, quantitative, and cost-effective on-site screening technique
for DNC analysis in chicken muscle.
Time-Resolved Fluorescent Keywords: NIC; DNC; residue; TRFICA; chicken muscle

Immunochromatographic Assay

for the Rapid Screening of

4,4'-Dinitrocarbanilide: Aiming

at Improving Strip Method 1. Introduction

Performance. Biosensors 2023, 13, 518. Coccidiosis is a widespread and economically significant livestock disease caused by
https:/ /doi.org/10.3390/ protozoan parasites of the genus Eimeria [1]. Minor infections cause poor feed conversion

bios13050518 and weight gain, whereas major infections can cause significant mortality [2]. Therefore,
Received: 5 February 2023 in addition to the diagnosis and treatment of animal diseases, strict biological preven-
Revised: 17 April 2023 tion and control from the source are also necessary. Feed contaminated with mycotoxins
Accepted: 24 April 2023 may cause the release of toxic substances in edible tissues such as meat, fish, and dairy
Published: 4 May 2023 products [3], seriously endangering human health and safety. Aflatoxin B1 (AFB1), the

most toxic secondary metabolite produced by Aspergillus flavus, has become a major
food safety issue worldwide due to its contamination of poultry feed [4]. In terms of
= biological prevention and control, the assessment of residual toxicity of multiple veterinary
drugs in animal-derived foods based on endocrine disruptors using a high-throughput
exposure (HTE) model [5] and a risk assessment of low-dose dietary-related exposures
concludes that a tolerable daily intake (TDI) is unlikely to have genotoxic effects leading
to carcinogenicity [6], to achieve the goal of ensuring human food safety and life health
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be present in foods of animal origin, such as broiler tissues. Its residues can seriously
affect the health of poultry and humans, such as by causing adverse heat stress and death
in broilers and chronic toxicity in humans. Therefore, DNC is considered the residue of
concern in edible chicken tissues [7]. The maximum residue limits (MRLs) for DNC in
food matrices were established to assure food safety in poultry production. The Joint
FAO/WHO Expert Committee on Food Additives in New Zealand and China has recom-
mended an MRL of 200 pg of DNC/kg in all broiler tissues, and the EU recommended an
MRL of 4000 pg of DNC/kg. Therefore, it is imperative to develop low-cost, sensitive, and
effective methods for the detection of DNC in animal-derived foods. Multiple technologies
have been applied to detect residues of DNC in food matrices. Instrumental methods,
such as high-performance liquid chromatography (HPLC) [8-10], high-performance liquid
chromatography-tandem mass spectrometry (HPLC-MS/MS) [2,11-13], and ultraperfor-
mance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS) [14] are accu-
rate and specific, but their experiments are complex and not suitable for on-site screening.
Immunoassay, such as enzyme-linked immunosorbent assay (ELISA) [15-17], has the ad-
vantages of high throughput screening but has significant limitations and is not suitable for
on-site screening. Compared with the other methods, the immunochromatographic assay
(ICA) is a more portable and faster assay [18]. Different types of fluorescent nanobeads, such
as quantum dots [19], fluorescent microspheres [20], and up-conversion phosphors [21],
among them, time-resolved fluorescent nanoparticles have excellent fluorescence prop-
erties. Lanthanide labels possess long decay lifetimes, can be dissociated by altering the
solution pH, resulting in a shift to a new highly fluorescent chelate, and have a large Stokes
shift, high quantum yields, sharp emission profiles, and narrow emission peaks. Although
the quantum yields are lower with the use of organic fluorescence dyes, packing them into
nanosphere capsules can increase fluorescence thousands of times [22,23]. Therefore, these
attributes enable time-resolved fluorescence immunochromatography (TRFICA) labeled
with fluorescent microspheres to have higher sensitivity, lower matrix interference, and
better reproducibility and stability.

As shown in previous studies, TRFICA has been successfully applied to the quanti-
tative detection of contaminants in food. Shen et al. developed a TRFICA for detecting
chlorpromazine residues in pork, with a limit of detection (LOD) of 0.32 ug kg ! and a wide
dynamic range of 0.46-10.0 ug kg*1 [24]. Du et al. used two fluorescent labels to establish
a dual-labeled TRFICA for analyzing diethyl phthalate and dibutyl phthalate in aquatic
environments. The LODs of the assay were 4.9 ng mL~1 and 3.9 ng mL~1, respectively [25].
A TRFICA that uses lanthanides as labels, such as Eu nanospheres (EuNPs), is one of
the most promising immunoassay methods. Xu et al. developed a TRFICA for the rapid
quantification of FB1 in different grains, with a LOD of 8.26 ug kg~! and a wide detection
range of 13.81-1000 pg kg~ [26]. Ma et al. established a TRFICA method for determining
the contaminant in milk samples, with a LOD and limit of the quantity of 3.05 ng mL~!and
6.63 ng mL~!, respectively [27]. Therefore, this technology is widely used in the detection
of specific pollutants with the advantages of high cost-effectiveness, high selectivity, high
sensitivity, simple operation, and a wide dynamic range.

In the current study, a TRFICA with high sensitivity and low cost for screening DNC
was innovatively developed. The reaction conditions for Eu-NP-mAb probe conjuga-
tion, coating antigen, recombinant buffer, coating buffer, incubation time, sample dilution
buffer, and immunochromatographic bands were optimized to improve the reaction perfor-
mance. Under optimal experimental conditions, the standard curve of the DNC was devel-
oped. TRFICA had high specificity for DNC and neglected cross-reactivity in drugs with
15 similar structures. TRFICA could be used in chicken detection without complicated
sample preparation, and the time needed for the detection procedure, including sample
pre-treatment, was less than 30 min.
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2. Materials and Methods
2.1. Reagents and Materials

NIC, 4-nitroaniline, 2-nitroaniline, 3-nitroaniline, N-(4-nitrophenyl) propionamide, H-
Val-pNA HCI, L-argininep-nitroanilide dihydrochloride, 4-nitrophenethylamine hydrochlo-
ride, N-methyl-4-nitrophenethylamine hydrochloride, H-Ala-pNA HCI, N, N-dimethyl-4-
nitroaniline, H-Glu-pNA, halofuginone, toltrazuril, 1,3-diphenylguanidine, ronidazole, and
dinitolmide were obtained from Sigma-Aldrich (St. Louis, MO, USA) (Figure 1). The coat-
ing antigen (DNC-4-BSA) and mAb 3B4 were acquired from China Agricultural University
(Qiangian Tang May 2018). For other reagents materials were shown in the Supplementary
Materials part.

2.2. Apparatus

Water was purified using a Milli-Q system from Millipore Inc. (Bedford, MA, USA).
A NanoDrop 2000 ultraviolet spectrophotometer was purchased from Thermo Scientific
(Waltham, MA, USA). An ultraviolet analyzer was obtained from Tianjin Huike Instrument
Equipment Co., Ltd. (Tianjin, China). A time-resolved immunochromatography (TRF)
reader was supplied by Beijing EDWK BIOTECH (Beijing, China).

2.3. Preparation of Eu-NP-mAb Probes and Eu-NP-Chicken 1gY Probes

The EuNPs were developed using a modified method, as previously described [22,23].
Carboxylate-activated EuNP surfaces were conjugated with mAb 3B4 or IgY using a typical
N-Hydroxysuccinimide (NHS)/ethyl dimethylamine carbonide (EDC) conjugation method,
which maintained 4 °C to ensure the retention of mAb activity [22]. The preparation
process of EuNPs and mAb 3B4 conjugates is described as follows: In brief, 20 uL of EuNPs
(200 nM) was added to 200 pL 50 mM MES (pH 5.0) containing EDC and sulfo-NHS at
0.1 mM and 0.2 mM. The reaction was reacted at room temperature for 15 min, and
centrifuged 15,000 x g at high speed for 10 min at 4 °C to separate the supernatant. After
being washed twice, an ultrasound was performed in 200 pL sodium borate for 2 min. The
mADb 3B4 or IgY (5 uL) was then added, and the mixtures were shaken before centrifugation.
The residue was suspended in 100 uL of 10 mM phosphate buffer and reacted for 2 h at
25 °C. After centrifugation, the residue was suspended in 2 mL 0.2 mM Tris-HCI containing
0.5% PVP (pH 7.4).

2.4. TRFICA Procedure

Initially, 200 uL of DNC standard solution or sample extract, Eu-NP-mAb probes, and
Eu-NP-chicken IgY probes were injected into the micropore and mixed for 1 min. Afterward,
the mixture was added to the sample pad well, and the liquid migrated slowly toward
the absorption pad through capillary action. After 8 min of incubation, the fluorescence
intensities of the T and C lines were observed by a TRF reader. In the presence of DNC,
the absence of fewer Eu-NP-mAb probes was captured by the T line, weakening the
fluorescence intensity on the T line, and the Eu-NP-chicken IgY probes were captured by the
C line. The quantitative analysis of the DNC was conducted by recording the fluorescence
intensities of the T and C lines. The T/C ratio was used to offset the background and
inherent heterogeneity of the strip. This was expected to be inversely proportional to the
increasing concentration of DNC in the samples. The standard curve was prepared at nine
levels of DNC concentration (0, 0.07, 0.19, 0.56, 1.67, 1.37, 5, and 15 ng mL~1), and each
concentration was tested in triplicate. A four-parameter logistic equation was performed
and calculated using Origin 8.0 (Origin Lab, Northampton, MA, USA).

31



Biosensors 2023, 13, 518

ON o NO, iH H,N
Cr NN o,
NTON ]
H H ch)\%cm 5

4, 4'- dinitro carbanilide

2-hydroxy- 4, 6- dimethyl pyrimidine

(DNC) (HDP)
0 HCI
(6]
N 0 Neor o g
'0' \)L N
N " O
H,N H O
3-Nitroaniline N-(4-Nitrophenyl)propionamide H-Val-Pna HCI
(0]
0 HCl N
oy HOlHC I/\‘/thn —_ O /\/@( 0
N R > N
H,N A N ’\A)L N ’k) H,N 0 N
NH, HCI
L-Arginine P-Nitroanilide 4-Nitrophenethylamine N-Methyl-4-
Dihydrochloride hydrochloride nitrophenethylamine
hydrochloride
Q
NI
o (0] HO
Q Q 0, CH, o o
YLN l]\ﬁz@- N o \©\ wo
0 CH N s
NH, H 3 S
: HCl Ho N
H-Ala-Pna HCI N.N-Dimethyl-4-Nitroaniline H-Glu-Pna

OH N Br
O
N /l')l\/ijiICl
H (6]

Oﬁ/ N\fO

Qo

Pt

Fr

Q0

Halofuginone Toltrazuril 1,3-Diphenylguanidine
0 NH, o
N
HN" 0 0 O
I\rN o
| N
Nj (e} N7
o O
Ronidazole Dinitolmide

Figure 1. Chemical structures of NIC and other analytes.

2.5. TRFICA Development and Optimization

The immunochromatographic strips used for TRFICA testing were composed of a
sample pad, a conjugate pad, an NC membrane coated with capture reagents, an absorbent
pad, and a polyvinyl chloride sheet with adhesive tape (Figure 2). The controls included in
the strip were DNC-4-BSA conjugate (test “T” line) and goat-anti-chicken IgG (control ‘C’
line), and they were immobilized on the NC membrane and separated by a distance of 3 mm.
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Negative

Positive

The coated membrane was dried at 37 °C overnight. The NC membrane, sample pad, and
absorbent pad were successively laminated and pasted onto the PVC base plate. The entire
assembly was cut into 3-4 mm-wide strips and stored desiccated at room temperature.

Sample pad NC membraneT line C line Absorbent pad

\/ )'g L

Eu-NPs-mAb probe DNC mAb Goat anti-chicken IgG

: 3 ¢ \'g °

Eu-NPs-chicken IgY probe Coating antigen Chicken IgY Eu-nanosphere

Figure 2. Schematic illustration of TRFICA. The schematic illustrates the working principles of
TRFICA. T line is the test line, and the C line is the control line. After dripping the sample, the sample
migrated along the NC membrane through capillary action. For a negative sample, the fluorescence
intensity of the T line and the C line can be detected by the TRF reader. For a positive sample, only
the T line had fluorescence intensity, and the C line had no fluorescence intensity. The surplus probe
complexes migrated to the absorption pad.

The assay was optimized by optimizing single analytical parameters, while the others
remained constant. The fluorescence intensity and inhibition rate [(Fy — F)/Fy] x 100% were
used to assess the sensitivity of the immunoassays. F and Fy were the fluorescence values
of DNC at 5 ng mL~! and without DNC, respectively. The tested parameters included the
conjugation of Eu-NP-mAb probes, the concentrations of antibody and coating antigen,
reconstitution buffers, probe amounts, coating buffers, incubation time, sample dilution
buffer, and the immunochromatographic strip type. After optimizing and determining
the optimum experimental parameters, a standard curve was obtained by plotting T/C
against the DNC concentration. A four-parameter logistic equation was used to calculate
the performance parameters.

2.6. Curve Fitting and Statistical Analysis

A logistic equation used to fit the TRFICA data are shown in the Supplement infor-
mation part. The cross-reactivity (CR) with DNC analogizes was determined after the
optimized conditions, and the specificity of TRFICA was evaluated. The CR was calculated
by the following equation [28]:

CR (%) = (IC50 of DNC/IC50 of DNC analog) x 100 1)

2.7. Chicken Sample Analysis for TRFICA

Samples of chicken muscle (2 g) were added to 2 mL acetonitrile in 10 mL polypropy-
lene tubes and sonicated for 10 min. The mixture was centrifuged at 8000 x g for 10 min, and
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the supernatant was diluted 20-fold with an assay buffer for subsequent TRFICA analysis.
Matrix interference was determined by comparing the DNC standard curve prepared in
the assay buffer and the chicken extract after a 20-fold dilution with an assay buffer.

Additionally, the accuracy and precision of TRFICA were evaluated and conducted
as indicated. DNC-negative chicken homogenate samples were spiked with DNC at 6, 16,
and 30 ug kg 1. Five replicates were determined at each concentration for both intra-assay
and inter-assay determinations.

3. Results and Discussion
3.1. Development and Optimization of TRFICA
3.1.1. Optimization of the Conjugation of Eu-NP-mAb Probes

An appropriate ratio of the antibody and EuNPs was selected to improve the perfor-
mance of TRFICA. Thus, the Eu-NP-mAb probes were initially prepared using different
mass ratios of the antibody and EuNPs, and the use of the nanospheres at 2.5, 5, 10, and
20 puL was examined. As the EuNPs increased from 2.5 uL to 10 pL, the fluorescent intensity
of the T line increased but decreased at 20 uL. Moreover, the chromatogram was incomplete,
the fluorescent intensity of the background increased, and the T-line boundary was no
longer obvious at 20 uL EuNPs. Although the strongest fluorescent intensity for the T line
was obtained at 10 uL. EuNPs, the inhibition rate was lower. The inhibition rate was better
at 5 uL EuNPs, along with better fluorescent intensity on the T line (Figure 3A).

A Eu-N: h B EDC and NHS C Dilution of mAb 3B4 D Dilution of DNC-4-BSA
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Figure 3. Optimization of TRFICA performance. (A) Use of EuNPs. (B) Use of EDC and NHS.
(C) Dilution of mAb 3B4. (D) Dilution of DNC-4-BSA. (E) Reconstitution buffer for Eu-NP-mAb
probes. (F) Use of Eu-NP-mAb probes. (G) Coating buffer. (H) Incubation time for the Eu probe
and the DNC. (I) Incubation time for immunochromatography. (J) Sample dilution buffer. (K) NC
membranes. (L) Sample pads.

Typical EDC conjugation methods were used for reagent development, as mild condi-
tions maintained antibody activity. EDC and NHS can directly affect the coupling efficiency
of antibodies and EuNPs by activating the carboxyl group on the microspheres, which then
allows coupling with mAb amino groups.
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We used EDC and NHS at 2.5, 5, 10, and 20 puL, and following optimization, 2.5 uL.
EDC and NHS were used to activate a 1-mL EuNP solution. This resulted in a better
inhibition rate and acceptable fluorescent intensity on the T line (Figure 3B).

The Eu-NP-mADb probes were characterized by high-resolution transmission electron
microscope studies. After coupling, the EuNP surface modified by the immobilized mAb
was characterized by high-resolution transmission electron microscopy. The results vali-
dated the distribution of the elements on the surface of EuNPs attached to C, N, O, and
other elements (Figure 4). The existence of the N element proved the successful coupling of
EuNPs with mAb 3B4.

Mapping-HRTEM

Figure 4. Elemental mapping images of the Eu-NP-mAb. The existence of the N element and the
O element observed in the elemental mapping image confirms the successfully modified mAb on
the EuNPs.

3.1.2. Optimization of the Concentrations of mAb and Coating Antigen

The specific binding of immunoreagents is the basis of TRFICA, as with other im-
munoassays. An appropriate antigen—antibody ratio can enhance the binding of specific
sites and improve TRFICA performance [29]. Thus, the concentrations of mAb 3B4 and
the coating antigen DNC-4-BSA were screened using checkerboard titration. According to
the results, a 10-fold dilution of mAb 3B4 was selected due to the acceptable fluorescent
intensity inhibition rate (Figure 3C). Moreover, a high dilution of DNC-4-BSA decreased
the fluorescent intensity and increased the inhibition rate. Thus, a two-fold dilution of
DNC-4-BSA was selected (Figure 3D).

3.1.3. Optimization of the Reconstitution Buffer for Eu-NP-mAb Probes

In this study, we also evaluated three reconstitution buffers for Eu-NP-mADb probes
based on the inhibition ratios and Fy values (Table S1). According to Figure 3E, the three F
values that were obtained differed little, and the highest inhibition ratio was observed with
the reconstitution buffer 2#. Therefore, reconstitution buffer 2* was selected.

3.1.4. Optimization of Eu-NP-mAb Probe Usage

The effects of the quantity of Eu-NP-mAb probes present in the TRFICA system were
also examined. As the number of Eu-NP-mAb probes decreased, the Fy value of the T
line also decreased, while the inhibition rate increased only gradually. The Fy value was
controlled at about 12,000; therefore, 0.4 uL of Eu probe was selected as the optimal amount
to be used for the assay (Figure 3F).
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3.1.5. Optimization of Coating Buffers

For the optimization of coating buffers, three typical coating buffers were tested in the
system: 0.01 M phosphate buffer (PB) at pH 7.4, 0.05 M carbonate buffer (CB) at pH 9.6, and
0.01 M phosphate buffer solution (PBS) at pH 7.4. The Fj values decreased dramatically in
PBS, whereas both PB and CB resulted in significant increases in Fy. In particular, the use
of PB led to a higher inhibition ratio (Figure 3G). Thus, 0.01 M PB at pH 7.4 was selected as
the best coating bulffer.

3.1.6. Optimization of Incubation Times

Incubation time can significantly influence the performance of TRFICA. Initially, we
examined the incubation times of 0, 1, 2, 3, 4, and 5 min for the DNC standard solution
or sample extract, Eu-NP-mAb probes, and Eu-NP-chicken IgY probes. As these times
had no significant effect on fluorescence intensity or inhibition ratio, 1 min was selected
(Figure 3H). We then compared different incubation times (3,4, 5, 6,7, 8,9, 10, and 11 min)
for immunochromatography. We found that longer incubation times enhanced the binding
efficiency of the assay (Figure 3I). However, when the incubation time exceeded 9 min, the
sensitivity decreased dramatically. Therefore, 8 min was selected as the best incubation
time for immunochromatography in this study.

3.1.7. Optimization of Sample Dilution Buffers

Using the appropriate sample dilution buffers for TRFICA resulted in better perfor-
mance. In this section, three sample dilution buffers were examined: PBS and sample
dilution buffers 1 and 2 (Table S2). The use of sample dilution buffer 1 resulted in a decrease
in fluorescence intensity, while PBS generated a high background, most likely due to the
release of the probes. Thus, sample dilution buffer 2 was selected as the optimal sample
dilution buffer, with satisfactory fluorescence intensity and inhibition rate (Figure 3]).

3.1.8. Optimization of Immunochromatographic Strips

The use of the NC membrane affected the TRFICA sensitivity primarily through
the membrane pore and the protein binding forces. Four NC membranes, Sartorius 95,
Millipore 135, MDI 90, and Vivid 170, as well as their corresponding Fy values and inhibition
rates, were evaluated. After optimization, the Sartorius 95 membrane was selected as the
optimum (Figure 3K). Inmunochromatography was also affected by the speed and release
effect of the sample pad. Three sample pads, namely SB08, hemofiltration membrane, and
RB65 were assessed, and the strongest fluorescence intensity was obtained using sample
pad SB08 (Figure 3L).

3.2. Sensitivity and Cross-Reactivity of TRFICA

The standard curve of TRFICA in the buffer was established under optimized condi-
tions. To evaluate the sensitivity of the method, the sensitivity of TRFICA was evaluated
using the IC5y, working range, and LOD. The LOD was examined and defined as the ICy
from the standard curve. According to curve fitting, the ICs, linear working range, LOD,
and cut-off value of the method were 0.43 ng mL~1,0.13-1.37 ng mL~1,0.07 ng mL~!, and
5ng mL~!, respectively (Figure 5A,B). These values represent a significantly improved
performance relative to previous reports in which the LOD of the colloidal gold-based
immunochromatographic test method was 0.86 ng mL~!. This indicates that TRFICA
performed as an ultrasensitive detector of DNC.

The specificity of TRFICA was determined using cross-reactivity with 15 DNC analogs.
As shown in Table 1, the CR was <0.1% and no inhibitions were observed even though
the concentration of the standards was 1000 ng mL~!. The results of the CRs were highly
similar to those from the fluorescence polarization immunoassay (FPIA) using mAb 3B4 [30].
These results indicate that the developed TRFICA was specific to DNC detection.
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Figure 5. Standard curve of the TRFIA. (A) Standard curves of TRFICA for DNC in an assay
buffer under optimized conditions. (B) Fluorescent image of the TRFICA strip acquired under
ultraviolet light for 0, 0.02, 0.06, 0.19, 0.57, 1.67, 5.0, and 15 ng mL~!inan assay buffer (left to right).
(C) Compearison of the TRFICA curves obtained from the standards prepared in the assay buffer and
the 20-fold diluted chicken extracts.
Table 1. ICs5( values and cross-reactivity of DNC and 15 structurally related analogs for TRFICA.
Analogues ICsp (ng mL—1) CR (%)

DNC 0.43 100
2-Nitroaniline >1000 <0.1
3-Nitroaniline >1000 <0.1

N-(4-Nitrophenyl) >1000 <0.1
propionamide

H-Val-pNA HCl >1000 <0.1

L-Arginine P-Nitroanilide Dihydrochloride >1000 <0.1

4-Nitrophenethylamine hydrochloride >1000 <0.01

N-Methyl-4-nitrophenethylamine hydrochloride >1000 <0.1

H-Ala-pNA HCl >1000 <0.1

N, N-Dimethyl-4-Nitroaniline >1000 <0.1

H-Glu-pNA >1000 <0.1

Halofuginone >1000 <0.1

Toltrazuril >1000 <0.1

1,3-Diphenylguanidine >1000 <0.1

Ronidazole >1000 <0.1

Dinitolmide >1000 <0.1

3.3. Chicken Sample Analysis for TRFICA

The chicken muscle was examined for the applicability of the developed TRFICA. In
TRFICA, the complexity of the chicken muscle was directly related to the sensitivity and
accuracy of the immunoassay. In this study, organic solvents were chosen as the extraction
solvent for DNC from muscle tissues. We initially examined seven extraction solvents
(Table S3). However, with the exception of acetonitrile, all the extraction solvents resulted
in significant decreases in F( values. Therefore, acetonitrile was selected as the extraction
buffer for further investigation. The standard curves of DNC in chicken muscle extracts
using acetonitrile after 20-fold dilutions and when included in the assay buffer sufficiently
reduced the matrix effects (Figure 5C). Under optimized conditions, this allowed the
detection of DNIC with a LOD and working range of 1.4 and 2.96-37.06 ug kg1, respectively.
The total analysis time, including the sample pre-treatment, was less than 30 min, which
has not been achieved in other immunoassays, such as ELISA [15-17], FPIA [30], and the
colloidal gold-based immunochromatographic test method [18]. Thus, due to its efficiency
and easy operation, TRFICA was better suited for the analysis of DNC.

To further evaluate the utility of TRFICA, we determined the DNC recoveries from the
chicken matrix. All samples were fortified with DNC at three levels (6, 16, and 30 pg kg 1),
and the average recoveries ranged from 77.3% to 92.7%, with a coefficient of variation
(CV) < 7.0% (Table 2). This perfectly met the requirements for DNC residue detection.

37



Biosensors 2023, 13, 518

Therefore, the developed method is suitable for the determination of DNC residues in
chicken muscle.

Table 2. Recovery studies from chicken muscle matrices using TRFICA.

Sample

Spiked
(ugkg1) Recovery Ccv Recovery cv

Intra-Assay (1 = 5) Inter-Assay (1 = 5)

(%) (%) (%) (%)

Chicken

6.0 77.3 2.5 80.3 4.0
16.0 81.9 2.4 88.9 3.8
30.0 87.6 7.0 92.7 5.4
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matrices without complicated pre-treatment processes. Furthermore, the total analysis time,
including sample pre-treatment, was less than 30 min, which had not yet been achieved in
other immunoassays for DNC residues.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390 /bios13050518 /s1, Table S1: Three reconstitution buffers for the
Eu3+- labeled antibody; Table S2: Sample dilution buffers used in TRFICA; Table S3: Seven extraction
solvents used in TRFICA.

Author Contributions: Conceptualization, X.L. and M.Z.; methodology, J.L.; software, Y.Y.; formal
analysis, J.L.; investigation, L.W.; data curation, J.L. and X.L.; writing—original draft preparation,
Q.S. and X.L.; writing—review and editing, L.G., H.Z., Z.L., X.A. and Q.Z.; supervision, X.A. and
M.Z.; project administration, Q.Z. All authors have read and agreed to the published version of
the manuscript.

Funding: This study is supported by the Natural Science Foundation of Shandong Province
(ZR2020MC187), the Postdoctoral Innovation Project of Shandong Province (202002027), the
Postdoctoral Fund of Qingdao, the High-Level Talent Fund of Qingdao Agricultural Univer-
sity (663/1115026), the Scientific and Technological Projects of Qingdao (21-1-4-ny-10-nsh),
College Students” Innovative Entrepreneurial Training Plan Program (202210435028) and the
Natural Science Foundation of Shandong Province (ZR2020MC188). We gratefully acknowledge
their assistance.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

1.  Chapman, H.D,; Barta, ].R.; Blake, D.; Gruber, A.; Jenkins, M.; Smith, N.C.; Suo, X.; Tomley, EM. A selective review of advances in
coccidiosis research. Adv. Parasitol. 2013, 83,93-171. [PubMed]

2. Delahaut, P; Pierret, G.; Ralet, N.; Dubois, M.; Gillard, N. Multi-residue method for detecting coccidiostats at carry-over level in
feed by HPLC-MS/MS. Food Addit. Contam. 2010, 27, 801-809. [CrossRef] [PubMed]

3. Tolosa, J.; Rodriguez-Carrasco, Y.; Ruiz, M.]J.; Vila-Donat, P. Multi-mycotoxin occurrence in feed, metabolism and carry-over to
animal-derived food products: A review. Food Chem. Toxicol. 2021, 158, 112661. [CrossRef] [PubMed]

38



Biosensors 2023, 13, 518

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Qiao, B.; He, Y.; Gao, X,; Liu, H;; Rao, G; Su, Q.; Ruan, Z; Tang, Z.; Hu, L. Curcumin attenuates AFB1-induced duck liver injury
by inhibiting oxidative stress and lysosomal damage. Food Chem. Toxicol. 2023, 172, 113593. [CrossRef]

Luo, Y.S,; Chiu, Z.Y.; Wu, K.Y.; Hsu, C.-C. Integrating high-throughput exposure assessment and in vitro screening data to
prioritize endocrine-active potential and dietary risks of pesticides and veterinary drug residues in animal products. Food Chem.
Toxicol. 2023, 173, 113639. [CrossRef]

Guth, S.; Baum, M,; Cartus, A.T; Diel, P,; Engel, K.-H.; Engeli, B.; Epe, B.; Grune, T.; Haller, D.; Heinz, V.; et al. Evaluation of the
genotoxic potential of acrylamide: Arguments for the derivation of a tolerable daily intake (TDI value). Food Chem. Toxicol. 2023,
173,113632. [CrossRef]

Capurro, E.; Danaher, M.; Anastasio, A.; Cortesi, M.L.; O'Keeffe, M. Efficient HPLC method for the determination of nicarbazin,
as dinitrocarbanilide in broiler liver. J. Chromatogr. B 2005, 822, 154-159. [CrossRef]

Marta, P.; Piotr, J.; Jan, Z. Comparison of different sample preparation procedures for multiclass determination of selected
veterinary drug, coccidiostat and insecticide residues in eggs by liquid chromatography-tandem mass spectrometry. Anal.
Methods 2014, 6, 3034-3044.

Edyta, P,; Malgorzata, O.; Teresa, S.J.; Jedziniak, P.; Zmudzki, J. Determination of Nicarbazin in Animal Feed by High-Performance
Liquid Chromatography with Interlaboratory Evaluation. Anal. Lett. 2015, 48, 2183-2194.

Juan, M.S.; Federico, J.A.; Gaston, K.; Sosa, ].S.; Carrizo, D.B.; Boschetti, C.E. Multiple response optimization of a QUEChERS
extraction and HPLC analysis of diclazuril, nicarbazin and lasalocid in chicken liver. Food Chem. 2020, 311, 126014.

Barreto, E; Ribeiro, C.; Hoff, R.B.; Costa, T.D. A simple and high-throughput method for determination and confirmation of
14 coccidiostats in poultry muscle and eggs using liquid chromatography—Quadrupole linear ion trap—Tandem mass spectrom-
etry (HPLC-QqLIT-MS/MS): Validation according to European Union 2002/657/EC. Talanta 2017, 168, 43-51. [PubMed]
Dmitrovic, J.; Durden, D.A. A new approach to the analysis of nicarbazin and ionophores in eggs by HPLC/MS/MS. |. AOAC Int.
2011, 94, 428-435. [CrossRef] [PubMed]

Matus, J.L.; Boison, J.O. A multi-residue method for 17 anticoccidial drugs and ractopamine in animal tissues by liquid
chromatography-tandem mass spectrometry and time-of-flight mass spectrometry. Drug Test Anal. 2016, 8, 465-476. [CrossRef]
[PubMed]

Muharem, M.; Yan, H.; Xu, S.; Feng, N.; Hao, J.; Zhu, C.; Guo, S.; Zhang, Z.; Han, N. Determination of six anticoccidials in
chicken using QUEChERS combined with ultra high liquid chromatography-high resolution mass spectrometry. Se Pu= Chin. |.
Chromatogr. 2015, 33, 1199-1204. [CrossRef]

Connolly, L.; Fodey, T.L.; Crooks, S.R.; Delahaut, P.; Elliott, C.T. The production and characterisation of dinitrocarbanilide
antibodies raised using antigen mimics. J. Immunol. Methods 2002, 264, 45-51. [CrossRef]

Huet, A.C.; Bienenmann-Ploum, M.; Vincent, U.; Delahaut, P. Screening methods and recent developments in the detection of
anticoccidials. Anal. Bioanal. Chem. 2013, 405, 7733-7751. [CrossRef]

Huet, A.C.; Mortier, L.; Daeseleire, E.; Fodey, T.; Elliott, C.; Delahaut, P. Screening for the coccidiostats halofuginone and
nicarbazin in egg and chicken muscle: Development of an ELISA. Food Addit. Contam. 2005, 22, 128-134. [CrossRef]

Wu, A.; Wu, X,; Zheng, Q.; Xu, L.; Kuang, H. Preparation of an anti-4,4’-dinitrocarbanilide monoclonal antibody and its application
in an immunochromatographic assay for anticoccidial drugs. Food Agric. Immunol. 2018, 29, 1162-1172. [CrossRef]

Yao, J.; Xing, G.; Han, J.; Sun, Y.; Wang, F; Deng, R.; Hu, X.; Zhang, G. Novel fluoroimmunoassays for detecting ochratoxin A
using CdTe quantum dots. J. Biophotonics 2017, 10, 657-663. [CrossRef]

Zhang, X.; Wen, K.; Wang, Z.; Jiang, H.; Beier, R.C.; Shen, J. An ultra-sensitive monoclonal antibody-based fluorescent microsphere
immunochromatographic test strip assay for detecting aflatoxin M 1 in milk. Food Control 2016, 60, 588-595. [CrossRef]

Wang, P.; Wang, R.; Zhang, W.; Su, X.; Luo, H. Novel fabrication of immunochromatographic assay based on up conversion
phosphors for sensitive detection of clenbuterol. Biosens. Bioelectron. 2016, 77, 866-870. [CrossRef] [PubMed]

Wang, D.; Zhang, Z.; Li, P; Zhang, Q.; Ding, X.; Zhang, W. Europium Nanospheres-Based Time-Resolved Fluorescence for Rapid
and Ultrasensitive Determination of Total Aflatoxin in Feed. J. Agric. Food Chem. 2015, 63, 10313-10318. [CrossRef] [PubMed]
Wang, D.; Zhang, Z.; Li, P; Zhang, Q.; Zhang, W. Time-Resolved Fluorescent Immunochromatography of Aflatoxin B1 in Soybean
Sauce: A Rapid and Sensitive Quantitative Analysis. Sensors 2016, 16, 1094. [CrossRef]

Wang, W.; Wang, J.; Wang, M.; Shen, J. Rapid Quantification of Chlorpromazine Residues in Pork Using Nanosphere-Based
Time-Resolved Fluorescence Inmunoassay Analyzer. Int. |. Anal. Chem. 2021, 2021, 6633016. [CrossRef] [PubMed]

Zhu, F; Zhang, H.; Qiu, M.; Wu, N.; Zeng, K.; Du, D. Dual-label time-resolved fluoroimmunoassay as an advantageous approach
for investigation of diethyl phthalate & dibutyl phthalate in surface water. Sci. Total Environ. 2019, 695, 133793. [PubMed]

Guo, L.; Wang, Z.; Xu, X;; Xu, L.; Kuang, H.; Xiao, J.; Xu, C. Europium nanosphere-based fluorescence strip sensor for ultrasensitive
and quantitative determination of fumonisin B1. Anal. Methods Adv. Methods Appl. 2020, 12, 5229-5235. [CrossRef]

Ma, L.; Wang, Z.; Liu, H.; Wu, C.; Ding, Y. Monoclonal antibody production and the development of a quantitative time-resolved
fluoroimmunoassay for rifaximin in milk. Food Agric. Immunol. 2019, 30, 1135-1141. [CrossRef]

Liang, X.; Ni, H.; Beier, R.C.; Dong, Y.; Li, ].; Luo, X,; Zhang, S.; Shen, ].; Wang, Z. Highly Broad-Specific and Sensitive Enzyme-
Linked Immunosorbent Assay for Screening Sulfonamides: Assay Optimization and Application to Milk Samples. Food Anal.
Methods 2014, 7, 1992-2002. [CrossRef]

39



Biosensors 2023, 13, 518

29. Fang,S.; Zhang, Y.; Liu, X,; Qiu, J.; Liu, Z.; Kong, F. Development of a highly sensitive time-resolved fluoroimmunoassay for the
determination of trace salbutamol in environmental samples. Sci. Total Environ. 2019, 679, 359-364. [CrossRef]

30. Zhang, Q.; Zou, M.; Wang, W.; Li, J.; Liang, X. Design, Synthesis, and Characterization of Tracers and Development of a
Fluorescence Polarization Immunoassay for Rapid Screening of 4,4'-Dinitrocarbanilide in Chicken Muscle. Foods 2021, 10, 1822.
[CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

40



biosensors

Review

Review of Electrochemical Biosensors for Food Safety Detection

Ke Wang !, Xiaogang Lin 1-*, Maoxiao Zhang !, Yu Li !, Chunfeng Luo ! and Jayne Wu %*

Citation: Wang, K; Lin, X.; Zhang, M.;
Li, Y,; Luo, C.; Wu, . Review of
Electrochemical Biosensors for Food
Safety Detection. Biosensors 2022,12,
959. https://doi.org/10.3390/
bios12110959

Received: 30 September 2022
Accepted: 31 October 2022
Published: 2 November 2022

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
1.0/).

Key Laboratory of Optoelectronic Technology and Systems of Ministry of Education of China,
Chongging University, Chongqing 400044, China

Department of Electrical Engineering and Computer Science, The University of Tennessee,
Knoxville, TN 37996, USA

*  Correspondence: xglin@cqu.edu.cn (X.L.); jaynewu@utk.edu (J.W.)

Abstract: Food safety issues are directly related to people’s quality of life, so there is a need to
develop efficient and reliable food contaminants’ detection devices to ensure the safety and quality
of food. Electrochemical biosensors have the significant advantages of miniaturization, low cost,
high sensitivity, high selectivity, rapid detection, and low detection limits using small amounts of
samples, which are expected to enable on-site analysis of food products. In this paper, the latest
electrochemical biosensors for the detection of biological contaminants, chemical contaminants,
and genetically modified crops are reviewed based on the analytes of interest, electrode materials
and modification methods, electrochemical methods, and detection limits. This review shows that
electrochemical biosensors are poised to provide miniaturized, specific, selective, fast detection, and
high-sensitivity sensor platforms for food safety.

Keywords: electrochemistry; biosensor; food safety; high sensitivity; high selectivity

1. Introduction

Safe food is a fundamental need for human health. Food safety can be affected by
harmful substances such as allergens, pathogens (e.g., parasites, bacteria, viruses, prions,
etc.), toxic agents or radioactive substances [1]. To safeguard human health, regulatory
agencies such as the United States Food and Drug Administration (USFDA), the European
Food Safety Authority (EFSA), and the Chinese Food and Drug Administration (CFDA)
have imposed limits on the maximum levels of various contaminants in food. Nevertheless,
in 2015, the World Health Organization (WHO) estimated that more than 600 million cases
of foodborne diseases and 420,000 deaths are likely to occur each year, due to foodborne
diseases caused by 31 foodborne pathogens at the global and subregional levels [2]. In
agriculture, pesticides control pests and diseases in crops and ensure crop yield and quality.
However, the overuse of pesticides can leave residues on crops that threaten human health
through the food chain [3]. In addition, many food additive safety incidents had occurred
around the world, such as aquatic products containing malachite green, red-hearted duck
eggs dyed with Sudan red, melamine milk powder, industrial gelatin yogurt, etc., causing
distrust and fear among people [4]. In order to screen and monitor the safety of food and
prevent harm from food contaminants, a sensitive and reliable on-site analysis technology
for food contaminants is highly desired.

At present, there are many mature technologies for food safety detection, such
as gas chromatography (GC), high-performance liquid chromatography (HPLC), gas
chromatography-mass spectrometry (GC-MS), liquid chromatography-mass spectrom-
etry (LCMS), and enzyme-linked immunosorbent assay (ELISA) [5]. However, most of
these methods have disadvantages, such as complicated operation, high detection costs,
long detection time, and high requirements for the samples tested, which are prone to false
positives. To improve this situation, simple, rapid, economical, and portable electrochemi-
cal biosensors have attracted much attention. They could not only achieve high specificity
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Target analytes
(bacteria, virus, mold,
allergen, pesticide residue,
heavy metal, illegal
additives, genetically
modified crops)

and sensitivity, but also enable real-time monitoring in the field. The basic components and
principles of an electrochemical biosensor for food contaminants detection are shown in
Figure 1. It can convert the biological signal generated by the specific combination of the
target analytes and the sensitive elements into an electrical signal, which is detected by the
electrochemical methods. Finally, signal processing is performed by a computer to achieve
quantitative or qualitative detection of food contaminants.

Electrode
(Au, GCE, SPCE, etc.)

':st\ . Potentiometry

. @ (6)%

¥ e = EIS —>
= SWV
Q S DPV

Sensitive elements Electrochemical Signal Processing
(enzymes, methods
nucleic acids, organelles,
immune substances,
microorganisms)

Figure 1. Schematic diagram of an electrochemical biosensor for food contaminants detection.

Common electrochemical methods include potentiometry, cyclic voltammetry (CV),
electrochemical impedance spectroscopy (EIS), square wave voltammetry (SWV), and dif-
ferential pulse voltammetry (DPV). Potentiometry is one of the simplest electrochemical
techniques, characterized by a short response time, high selectivity, and extremely low
detection limit [6]. Cyclic voltammetry is performed with the applied electrical potential os-
cillating over a range, while electrochemical impedance spectroscopy is usually performed
at a fixed potential over a frequency range [7]. Square wave voltammetry is one of the
most advanced and versatile members of the pulse voltammetry technology family, which
has high analytical sensitivity and measurement speed [8]. Differential pulse voltamme-
try is more sensitive than conventional pulse, derivative conventional pulse, and cyclic
voltammetry, and is suitable for studying the electrochemical process at the interface of
metal-electrolyte solution [9]. Although electrochemical biosensors have not been widely
used in food safety detection, their significant advantages deserve further investigation.

This review presents various electrochemical biosensors for the detection of biological
food contaminants, chemical food contaminants, and genetically modified crops based on
the types of analytes of interest. Figure 2 shows the factors that affect food safety. A search
was conducted in the Web of Science database using the keywords “electrochemistry”,
“food” and the influencing factors in Figure 2, and a total of 96 articles from 2018-2022 were
retrieved, from which 31 articles were selected based on the relevance and creativity of the
article content. The electrode materials, modification methods, electrochemical methods,
linear range, detection limits and detection times of these electrochemical biosensors are
discussed in detail. The advantages and disadvantages of these electrochemical biosensors
are evaluated based on their selectivity, reproducibility, and sensitivity. The organization
is as follows: Sections 2—4 analyze the research progress of electrochemical biosensors for
the detection of biological food contaminants, chemical food contaminants, and genetically
modified crops, respectively. Section 5 discusses the methods to improve the performance
of electrochemical biosensors in food safety testing and summarizes the development
prospects and future challenges of electrochemical biosensors in the field of food safety
testing. This review features a discussion of electrochemical biosensors related to genetic
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engineering, microfluidics, and molecular imprinting analysis, which can be instructive for
the innovation of such sensors.
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Figure 2. Diagram of the factors affecting food safety.

2. Biological Contamination

Biological contaminants include allergens, mycotoxins, pests, and microorganisms [10].
In the process from raw material production to final consumption, food may become
contaminated with biological or chemical agents through contact with polluted water, air,
soil, and food processing environment [11]. In the following, different electrochemical
sensing strategies for the detection of bacteria, viruses and molds are discussed based on
recent literature reports.

2.1. Bacteria

Bacteria are microorganisms that usually exist in the environment and food matrices,
including meat, poultry, fish, eggs, unpasteurized milk, and dairy products [12]. Salmonella,
Escherichia coli, and Listeria are among the most monitored bacteria for food safety, which
cause foodborne illness in the gastrointestinal tract after consumption. Electrochemical
biosensors for the detection of Salmonella, Escherichia coli and Listeria are discussed below
(Table 1).

Salmonella is one of the leading causative pathogens responsible for foodborne disease
outbreaks. Traditional methods for detecting Salmonella in food are based on culture,
including pre-enrichment, selective enrichment, and selective differential plating, and
require at least 24 h of preconcentration to increase the number of target bacteria and reach
the detection limit of the assay [13]. Biosensing methods with fast response, high sensitivity,
and easy use are of great interest for field applications.

In 2021, Li et al. [14] developed for the first time a novel cloth-based super-sandwich
electrochemical aptasensor (CSEA) for the direct detection of Salmonella typhimurium
pathogens. Figure 3 is a schematic of CSEA for the direct detection of Salmonella ty-
phimurium. Cloth electrodes and hydrophilic/hydrophobic areas were made using carbon
ink and wax-based screen printing as sensing devices. Two specific single-stranded DNA
sequences produced a cascading hybridization reaction to form a DNA super sandwich
(DSS). Methylene blue (MB) was inserted in its groove to amplify the current signal and thus
improve detection sensitivity. The aptamers became bound to Salmonella typhimurium to
form a target adaptor complex that could be combined with both the capture probe and
DSS to detect Salmonella typhimurium by DPV. In addition, the addition of the aptamer
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tail sequence made the proposed CSEA universal. In the range of 10% to 108 CFU/mL, the
electrochemical signal increased linearly with the logarithmic concentration of Salmonella
typhimurium with a detection limit of 16 CFU/mL. In addition, to prove that the aptamer
sensor is suitable for the detection of actual samples, milk samples were spiked with 100,
500, and 1000 CFU/mL of Salmonella typhimurium, and the resulting samples were 1:10
diluted with deionized water before testing. CSEA can effectively determine the level of
Salmonella typhimurium in milk samples. The prepared CSEA had successfully achieved
label-free, nucleic acid-free amplification and cost-effective detection of Salmonella ty-
phimurium. The cloth base used for this sensor is malleable as a flexible substrate, is not
easily damaged, and is less costly to mass produce.

I@Zi{é X § . . —
Cloth Chitosan  Capture probe Aptamer DNA1 DNA2 BSA MB  S. typhimurium
o @ o o § 5 é
ITI L g g ﬁ ﬁ ﬁ
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Figure 3. CSEA schematic for direct detection of Salmonella typhimurium (Adapted with permission
from Ref. [14]. 2021, Li et al.).

In 2022, Yu et al. [15] constructed a proportional electrochemical biosensor based
on saltatory rolling circle amplification (SRCA) and dual-signal electrochemical readings.
The mercapto-modified (-cyclodextrin (SH-3-CD) was fixed to the surface of the glassy
carbon electrode (GCE) by binding to gold nanoparticles (AuNPs) to form Au-S bonds,
forming SH-3-CD/AuNPs/GCE. AuNPs not only have good electrical conductivity, but
also increase the specific surface area. After the SRCA reaction with primers, a large
number of amplification products containing ferrocene (Fc) were obtained within 1 h of
double-stranded DNA (dsDNA), which can bind to SH-3-CD through the interaction
between the subject and the object. In addition, MB was embedded in the phosphate
backbone of dsDNA due to the electrostatic attraction between MB and DNA. SWV was
used for electrochemical monitoring; the peak current of the blank group Fc was higher
than MB, and the peak current of MB was significantly greater than Fc when Salmonella
typhi is present. This ratio metric electrochemical biosensor had a linear detection range
of 30 fg/uL to 30 ng/puL with a detection limit of 15.8 fg/ L. By testing food samples, the
proportional electrochemical biosensor agrees with RT-qPCR results and the test time is
shorter. Therefore, this sensor can be used as an alternative to RT-qPCR.

Foodborne diseases caused by Escherichia coli (E. coli) are causing morbidity and
mortality worldwide, threatening human health [16]. Contamination by this pathogen
plays an important role in the food industry, environment, and health sectors, making
E. coli detection crucial. However, current analysis procedures require at least 18 h from
sample collection to results [17]. Therefore, it is necessary to develop an accurate, sensitive,
rapid, and cost-effective method for E. coli detection.
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Raj et al. [18] used Au@MoS,-polyaniline (PANI) nanocomposites to develop a simple,
label-free, and highly sensitive immunosensor based on electrochemical detection for the
detection of E. coli. PANI and AuNPs can increase the conductivity and surface area of
MoS; and improve the conductivity of GCE. The sensing strategy of the immune sensor
is shown in Figure 4. Self-assembled thiol propionate monolayers were introduced on
the surface of the AuNP to covalently immobilize antibodies and prevent nonspecific
adsorption of the target pathogen on the electrode surface. CV and DPV were used to
confirm the successful preparation of the biosensor on the surface of GCE, and EIS was used
to characterize the electrochemical performance of the modified electrodes. CV and DPV
experiments were performed in 5 mm [Fe(CN)g]>/* containing 0.1M KCl solution. The
peak value of DPV current in [Fe(CN YoI3/% decreased with increasing E. coli concentration
on the electrode surface due to the formation of antibody-antigen complexes between E. coli
and the antibodies of the biosensor, resulting in a spatial barrier to electrical current from
the solution to the electrode surface. The biosensor achieved simple and sensitive detection
of E. coli as low as 10 CFU/mL within 30 min, with a linear detection range of 10-107
CFU/mL. The sensor is capable of detecting E. coli in urine samples and the electrodes
may be regenerated. However, it has high sample requirements and cannot accurately
detect E. coli in clinical samples with a complex composition such as serum, sputum, and

whole blood.
N L
T30 ¥
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Figure 4. Schematic diagram of electrochemical biosensor for E. coli (Reprinted with permission from
Ref. [18]. 2021, Raj et al.).

El-Moghazy et al. [19] developed a genetically engineered phage T7-based electro-
chemical biosensor for the rapid detection of E. coli in fresh produce. The sensing platform
inserted the gene encoding alkaline phosphatase (ALP) into the T7 phage genome to
form a genetically engineered phage, which was used as a biorecognition element, and
targeted cleavage of the target bacteria by the phage can trigger overexpression of ALP.
As shown in Figure 5, 1 g of spinach leaves purchased from a local supermarket were
weighed, placed in a sterile Petri dish, and then inoculated with different concentrations
of E. coli. The overexpression of ALP was tracked electrochemically using a single-walled
carbon nanotube-modified screen-printed electrode (SWCNT-SPE), and electrochemical
measurements were performed by DPV. The current signal increased with increasing E. coli
concentration, and the peak current was linear in the range of 1-10* CFU/mL versus the
logarithm of the bacterial concentration. The detection limit was 1 CFU/mL. The electro-
chemical sensor was capable of rapid and accurate quantitative detection of pathogenic
E. coli on spinach leaves within 1 h after pre-enrichment. In addition, this biosensor exhib-
ited high specificity for E. coli in the presence of other common food bacterial contaminants
and reduced analysis time through the coupling between specially designed phage and

45



Biosensors 2022, 12, 959

Current {pA)

electrochemical methods. Compared to the study by Raj et al. [18], the method reduces
complexity, does not require expensive materials, and has a lower detection limit, which can

be extended to highly sensitive and selective detection of different bacterial contaminants

in food samples, but with a small linear range and longer detection time.
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Figure 5. Schematic diagram of a phage electrochemical biosensor for the detection of E. coli on
spinach leaves (Reprinted with permission from Ref. [19]. 2022, El-Moghazy et al.).

Listeria monocytogenes (LM) can cause Listeriosis, a serious food-borne infection that
is mainly seen in immunocompromised patients. It also leads to maternal and neonatal
infections, mainly manifesting as sepsis and neuropathy [20]. In recent years, electrochemi-
luminescence (ECL) [21], cell culture [22], ELISA, and oligonucleotide-based sensors [23]
have been successfully established for the detection of Listeria monocytogenes in the food
industry. Nonetheless, the detection sensitivity of the first three methods is not sufficient to
determine trace levels of monocytobacter, thus limiting their utility.

To overcome these limitations, Jampasa et al. [24] designed an ultra-sensitive elec-
trochemiluminescence sensor based on nitrogen-modified carbon dots (NCDs) for the
determination of LM using screen-printed carbon electrodes (SPCE), combining the ad-
vantages of earlier developed ECL methods. The preparation and detection processes
of the sensor are shown in Figure 6. Carbon dots (CDs) were synthesized using citric
acid as the carbon source and ethylenediamine (a molecule containing nitrogen atoms)
as the nitrogen source. Approximately 4 nm NCD with uniform size distribution can be
prepared by a one-step green microwave-assisted method. Carboxyl graphene (GOOH)
was used as an electrode modifier to directly introduce the assigned functional groups and
to increase the conductivity of the proposed platform. The ECL sensor was constructed by
modifying SPCE with GOOH, activating the surface of the GOOH-modified SPCE with
EDC/NHS at room temperature, and then immobilizing the trapping antibody (Ab1) on
the GOOH-modified SPCE. The addition of the immune complex Ab2-NCD resulted in a
significant increase in the ECL signaling response in the presence of K»5,0g. ECL signal
gradually monotonically increased with the further increase in monocytosis concentration.
This modified ECL sensor has a LOD of 1.0 x 10~ CFU/mL, a linear range of 2 to 1.0 x
10° CFU/mL, and a sensitivity of 1.0 x 10! CFU mL!. The accuracy and precision of
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SPCE

the sensor were confirmed by measuring LM in milk, sausage and ham and comparing the
results with the standard SO 11290-2:2017 method (horizontal method for Listeria monocy-
togenes). Nitrogen doping is a key step in improving the signal of this sensor, making it
competitive with other related LM sensing platforms in terms of sensitivity, reproducibility
and operational cost.
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Figure 6. Schematic of (A) NCD conjugated with secondary antibody and (B) the developed ECL
sensor for monocytic bacteria (Adapted with permission from Ref. [24]. 2021, Jampasa et al.).

Mishra et al. [25] reported a novel aptamer sensor based on an electrochemical paper-
based analytical device (ePAD). As shown in Figure 7, the device used tungsten disulfide
(WS;) and aptamer modifications to detect Listeria monocytogenes on a screen-printed
paper electrode. EIS was used to analyze ePADs obtained after modification by WS, nanos-
tructures (WS, Nsg), aptamer ssDNA, and bacteria. EIS is not only for characterizing the
step-by-step assembly of ePADs, but also to evaluate the sensing performance of Listeria
monocytogenes. The experimental results show that the resistance value increased with
the increase in aptamer concentration, which was attributed to the DNA aptamer deposit-
ing an insulating layer on the surface of ePAD. In the linear range of 10'-10% CFU/mL,
the detection limit and quantitative limit of the nucleic acid aptamer sensor are 10 and
4.5 CFU/mL. The sensor successfully detected LM in dairy samples. This aptamer sensor
uses a paper-based platform as a substrate, reducing the manufacturing cost of the sensor
and the volume of analyte required, facilitating mass production and application.

Table 1. Electrochemical biosensors for bacterial detection.

Electrochemical . . Assay
Analyte Electrode Method Linearity Range LOD Time Ref.
Sal I SPCIE DPV 10%-10% CFU/mL 16 CFU/mL — [14]
aimonelia GCE SWV 30 fg/uL-30 ng/ulL 15.8 fg/ L. — [15]
E ool GCE DPV 10-107 CFU/mL 10 CFU/mL 30 min [18]
- coit SPE DPV 1-10* CFU/mL 1 CFU/mL 1h [19]
Listeri SPCE cv 2-1.0 x 10° CFU/mL 0.1 CFU/mL — [24]
istera SPPE EIS 10'-10® CFU/mL 10 CFU/mL — [25]
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Figure 7. Schematic of a screen-printed paper-based aptamer sensor for the detection of Listeria
monocytogenes (Adapted with permission from Ref. [25]. 2022, Mishra et al.).

2.2. Virus

Viruses are a common cause of foodborne disease outbreaks. Viral diseases have a
low mortality rate but can be transmitted to humans through food due to improper food
handling [26]. The rapid replication and high transmissibility of the virus can have serious
consequences not only for individuals but also for the health of communities, and even
cause serious economic impacts. Therefore, a quick, accurate, and low-cost test diagnostic
tool for a large number of people is very important. In the following, electrochemical
biosensors for common avian influenza virus, hepatitis A virus, and norovirus are discussed
(Table 2).

Avian influenza virus (AIV) is one of the pathogens that endanger human health.
Avian influenza viruses can also affect the safety of food supply and cause significant
economic losses [27]. Therefore, an accurate, sensitive, and fast detection method is the key
to decision-making. Lee et al. [28] used electrochemical technology to prepare a label-free
AIV H5NT1 biosensor composed of multifunctional DNA structure on electrodes made of
porous gold nanoparticles (pAuNPs), and its structure and detection principle are shown
in Figure 8. DNA 3 way-junction (3W]) was introduced as a multifunctional bioprobe,
and each fragment was assembled into DNA 3WJ for AIV detection, and the assembly
structure was confirmed by native magnesium trisborate polyacrylamide gel electrophore-
sis (TBM-PAGE). In order to improve the sensitivity of electrochemical signals, pAuNPs
were synthesized, and DNA 3W] was modified on PaUnPS-modified gold electrodes by
a layer-by-layer (LbL) assembly method. The surface morphology of pAuNPs-modified
gold electrodes was studied by FE-SEM and AFM. The binding of HA protein to DNA 3W]
modified electrode was confirmed by CV. The manufactured biosensor was observed to
have a linear range of 1 pM-100 nM in HEPES buffer, a LOD of 9.43 pM, and 1 uM HA
protein could be detected in diluted chicken serum. Each DNA fragment of the sensor has
a specific function. These nucleic acid fragments are well assembled and there is no loss of
function. Compared to other reports, the sensor does not require additional labeling and
signal amplification processes and can be applied for multi-target detection.
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Figure 8. Schematic diagram of a biosensor for detection of avian influenza virus (Reprinted with
permission from Ref. [28]. 2019, Lee et al.).

Hepatitis A virus (HAV) can be transmitted through the fecal-oral route, which is
mainly related to the ingestion of food or water contaminated with infected feces and
is a common cause of clinical hepatitis and acute liver failure [29]. Manzano et al. [30]
developed an electrochemical method based on DNA pairing to detect the hepatitis A virus.
Its sensing strategy is shown in Figure 9. A single-stranded DNA probe (capture probe)
was designed for the hepatitis A virus and the DNA of samples containing the virus was
detected by nested reverse transcriptase polymerase chain reaction (RNT-PCR). To develop
electrochemical devices, disposable gold electrodes were functionalized using specific
capture probes and tested on complementary single-stranded DNA and HAV cDNA. CV
was used to monitor the oxidation peak potential of the indicator tripropylamine, and the
DNA pairing on the electrode was measured. To prevent non-specific binding, the gold
surface was treated with 3% BSA before assay. High-resolution atomic force microscopy
(AFM) confirmed the efficiency of electrode functionalization and on-electrode pairing.
The linear range of HAV detection was 10 fg/uL-10 pg/pL, and the detection limit was
1.08 fg/uL. This electrochemical analysis method is less time-consuming than conventional
PCR analysis. The sensor has shown comparable sensitivity to nRT-PCR assays, in addition
to its great potential to reduce costs and time in hepatitis A virus detection.
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Figure 9. Disposable DNA biosensor constructed by thiol gold coupling of thiolated single-stranded
DNA probes (Adapted with permission from Ref. [30]. 2018, Manzano et al.).

Norovirus is one of the causes of a high degree of gastrointestinal infection, mainly
from contaminated water or contaminated food [31]. Focusing on promising alternatives
for more sensitive and accurate detection of norovirus, Jiang et al. [32] constructed a 3D
electrochemical aptamer sensor for norovirus-sensitive detection. As shown in Figure 10, it
is characterized by the modification of movable spherical working electrodes (WE) with
gold phosphate nanocomplexes (BP-AuNCs). The BP-AuNCs were prepared by restoring
phosphorene nanosheets (BPNSs) in situ on chloroauric acid (HAuCly). The removable
spherical WE was made by hand applying carbon ink to the ball head and then baking
it in the oven at 50 °C, a design that helps increase surface area, simplify sampling, and
avoid cross-contamination. Mercaptan-modified aptamers can easily bind to the surface of
BP-AuNCs by covalent bonding without altering the structural or functional properties
of aptamers. This sensing strategy is based on a specific binding between norovirus
and aptamers, and then the resulting complex can cause diffusion barriers on the WE,
altering the electrochemical signal. DPV was used to characterize the electrochemistry of
3D aptamer sensors with a detection limit of 0.28 ng/mL and a linear range of 1 ng/mL
to 10 pg/mL. The proposed 3D electrochemical aptamer sensor had been successfully
applied to the detection of norovirus in oyster samples with an average detection time of
35 min. The spherical working electrode design effectively reduces the size of the sensor
and facilitates the miniaturization of the sensor. The sensor provides a simple, low-cost
strategy for sensitive and selective detection of norovirus.
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Figure 10. Schematic of a 3D electrochemical aptamer sensor for the detection of norovirus (Adapted
with permission from Ref. [32]. 2022, Jiang et al.).
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Table 2. Electrochemical biosensors for virus detection.

Electrochemical

Analyte Electrode Method Linearity Range LOD Assay Time Ref.
AIV Au Ccv 1 pM-100 nM 9.43 pM — [28]
HAV Au Cv 10 fg/ul-10 pg/uL 1.08 fg/uL — [30]

Norovirus CIE DPV 1ng/mL-10 pg/mL 0.28 ng/mL 35 min [32]
2.3. Mold

Mycotoxin contamination of food and feed is considered one of the most serious
food safety problems in the world because these fungal metabolites may be teratogenic,
mutagenic, carcinogenic, and immunosuppressive, and may seriously damage animal
and human health. Early common mycotoxin detection methods mainly include high-
performance liquid chromatography, thin layer chromatography, mass spectrometry, gas
chromatography, and ELISA [33]. These methods provide accurate and reliable detection of
mycotoxin, but these methods have some problems, such as complex sample preparation
and long detection time. Electrochemical biosensors have attracted much attention in
mycotoxin analysis because of their rapid, sensitive, specific, and portable advantages. The
following is a description of several electrochemical biosensing strategies used to detect
aflatoxin, ochratoxin, and zearalenone (Table 3).

Aflatoxin has a carcinogenic effect and is one of the most important factors affecting
the safety of the food industry [34]. To meet the detection requirements, Wang et al. [35]
developed a simple, efficient, and sensitive electrochemical immunosensor for the detec-
tion of aflatoxin B1 (AFB1) in peanut oil. Figure 11 is a schematic of an electrochemical
immunosensor for the detection of aflatoxin B1. Bare GCEs were modified with graphene,
bimetallic organic framework materials (Zn/Ni-ZIF-8-800), chitosan and AuNPs. Electro-
chemical immunosensors were characterized by CV and the changes in electrochemical
signals after antibody and AFB1 binding were studied in detail. The results show that
the electrochemical reaction of AFB1 on this electrochemical immunosensor is a diffusion
control process. The signal response of AFB1 at different concentrations was measured
with DPV, and the DPV response signal gradually decreased as the AFB1 concentration
increased. Electrochemical immunosensors have a linear range of 0.18-100 ng/mL and
a detection limit of 0.18 ng/mL. The prepared sensors provide the basis for simple, fast
and sensitive detection of AFB1 in peanut oil. Although modification of the electrodes
with graphene, Zn/Ni-ZIF-8-800, chitosan and AuNPs can improve the electrode surface
conductivity, the material preparation process is complex and requires specific reagents,
equipment, and methods, which is operationally difficult for non-specialists.
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Figure 11. Schematic of an electrochemical immunosensor for the detection of aflatoxin B1 (Adapted
with permission from Ref. [35]. 2022, Wang et al.).
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Mazaafrianto et al. [36] developed an electrochemical sensor for the quantitative
detection of ochratoxin A(OTA) by using an aptamer with two dithiol groups that exhibited
higher stability on gold electrodes than A single thiol-based aptamer. The sensor is also
based on a signal-on scheme that generates a signal current through structural switching
of aptamers upon interaction with the OTA. To simplify the fabrication of the sensor,
the non-covalent interaction of methylene blue with the aptamer was also used as an
electrochemical indicator. In addition, the sensor performance was characterized, including
the dissociation constants of the aptamer-OTA complex. The sensor is highly reproducible
and sensitive enough to detect the minimum amount of OTA required for the analysis of
actual food samples, with a detection limit of 113 pM. The aptamer modification scheme
of the sensor has been successfully applied to microprocessed electrodes. By varying the
appropriate aptamer according to the target analyte, the sensor is able to provide a simple,
portable and versatile platform for in situ detection.

Zearalenone (ZEA) is a mycotoxin produced by Fusarium fungi, which is highly toxic
to animal and human health [37]. Radi et al. [38] used CV, DPV, and EIS to study the
electrochemical behavior of zearalenone on a single-wall carbon nanotube screen printing
electrode (SWCNT-SPCE) and observed a single irreversible oxidation peak. Due to the
adsorption of ZEA on the electrode surface, the peak DPV current on SWCNT-SPCE was
significantly enhanced. Maize GA was determined by differential pulse adsorption vapor
voltammetry (DPASV). Under optimized conditions, the peak anode current of ZEA varies
linearly with ZEA concentration in the range of 2.5 x 1078-1.0 x 107% M, and the detection
limit is 5.0 x 1077 M. The results showed that the method could be used for the quantitative
analysis of zearalenone in cornflakes. It is worth mentioning that the electrode surface of
the sensor is not contaminated by oxidation products and the electrodes can be reused,
reducing the cost of the sensor.

Table 3. Electrochemical biosensors for mold detection.

Electrochemical . . Assay
Analyte Electrode Method Linearity Range LOD Time Ref.
Aflatoxin GCE DPV 0.18-100 ng/mL 0.18 ng/mL — [35]
Ochratoxin Au DPV 0.25-750 nM 113 pM — [36]
Zearalenone  SWCNT-SPCE DPASV 25x1078-1.0 x 107°° M 50x107°M — [38]
2.4. Allergen
Components of food that can cause abnormal reactions in the body’s immune system
are known as allergens. National and international agencies are enacting laws, regulations,
and food labeling standards to avoid allergies in people by labeling allergen components on
foods [39]. Rapid on-site detection of allergic components in food can safeguard the health
and quality of life of food allergy patients [40]. Currently, electrochemical biosensors have
become an important tool for the rapid detection of food allergens, and the electrochemical
biosensors used for the detection of soybean and peanut allergens are discussed below
(Table 4).
Table 4. Electrochemical biosensors for soy allergen detection.
Analyte Electrode Electrochemical Method Linearity Range LOD Assay Time Ref.
Genistein Carbon DPV 100 ppb-10 ppm 100 ppb — [41]
Arah1 0-1000 ng/mL 5.2 ng/mL .
Arah6 SPCE Lsv 0-1.0ng/mL 0017 ng/mr 2 h20min 421

Sundhoro et al. [41] applied MIPs for the first time to achieve the detection of the
soybean allergenicity marker genistein in complex foods. The electrode coated with MIPs
showed high sensitivity (lower limit of detection of 100 ppb) and successfully distinguished
genistein from several structurally similar isoflavone and flavonoid molecules. The sensor’s
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results for soybean allergens were comparable to or better than the performance of other
commercially available portable allergen detection devices, including lateral flow devices
(LFDs) and ELISA. Although the sensor’s performance has not yet exceeded the highest
sensitivity for soybean allergens obtained using complex, expensive and labor-intensive
methods such as mass spectrometry and PCR, its high selectivity, short detection time, and
low-cost offer significant advantages over leading detection technologies.

Freitas et al. [42] developed an electrochemical dual immunosensor for the simul-
taneous analysis of two major peanut allergens, Ara h 1 and Ara h 6. As shown in
Figure 12, Sandwich immunoassays were performed using monoclonal antibodies on
a double-working screen-printed carbon electrode. The assay time was 2 h 20 min and
the actual operating time was 30 min. The limit of detection for Ara h 1 was 5.2 ng/mL.
The limit of detection for Ara h 6 was 0.017 ng/mL. The dual immunosensor has been
successfully applied to the analysis of several food products and was able to quantify
peanuts down to 0.05%. The accuracy of the results was confirmed by recovery studies and
comparison with ELISA. The sensor is equally suitable for complex food matrices.
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Figure 12. Schematic diagram of the immune sensor configuration and structure (Adapted with
permission from Ref. [42]. 2021, Freitas et al.).

3. Chemical Contamination

Chemical contamination in food has a wide range of sources, variety and complex
compositions. Most foods are inevitably contaminated by pesticides, heavy metals, food
additives and other common chemicals [43]. Excessive intake of these substances can have
negative effects on human health. In the following, different biosensing strategies for the
detection of pesticide residues, heavy metals, and illegal additives are discussed based on
existing electrochemical biosensors for food safety detection.

3.1. Pesticide Residue

Pesticides can prevent crop pests and diseases, but they accumulate in vegetables,
fruits, and meat throughout the food chain [44]. Consumption of food with excessive
pesticide residues will endanger human health. At present, the most commonly used
pesticide detection methods include GC, GC-MS, liquid chromatography (LC), and LCMS.
These methods have high sensitivity, selectivity, and accuracy with the potential for multi-
component analysis. However, they are time-consuming and expensive, often requiring
sample preparation [45]. In recent years, electrochemical-based biosensors have been

53



Biosensors 2022, 12, 959

investigated to detect pesticide residues in order to overcome the limitations of traditional
methods (Table 5).

Nevin et al. [46] used a green ultrasound-microwave assisted method to prepare
reduced-GO (rGO) and studied rGO-based non-enzymatic electrochemical sensors for the
detection of synthetic fungicides used as propamocarb (PM) pesticides. To test whether the
rGO-based non-enzymatic electrochemical sensor detected PM residues in real vegetables,
the sensor was tested on cucumber samples with 5 different concentrations of PM pesticides.
The sensor was able to detect PM pesticide on actual cucumber samples with high sensitivity
within a cycle time of 1 min, with a detection limit as low as 0.6 um, a sensitivity of
101.1 pA pm—'em—2, and a linear range of 1 to 5 um. The results show that the modification
of rGO on the sensor surface can accelerate the response of the sensor. The most outstanding
advantage of the sensor is that it takes only 1 min to complete the detection, and can be
used in portable detection kits for rapid on-site detection of PM-type pesticides in food.

Carbendazim (CBZ) is one of the most commonly used benzimidazole fungicides. It is
widely used to promote food production and its residues pose a great threat to human health
and the environment [47]. Liu et al. [48] prepared a novel electrochemical sensor for CBZ
determination based on B-cyclodextrin (3-CD) functionalized carbon nanosheets @ carbon
nanotubes (CNS@CNT). Its sensing strategy is shown in Figure 13. CNS@CNT combines
the large surface area of CNS with the excellent conductivity of CNT to significantly
improve the electrocatalytic performance of the sensor. In addition, 3-CD is well capable
of host GEST supramolecular recognition, which can improve the selective recognition
and enrichment ability of CBZ. The 3-Cd/CNS@CNT/GCE sensor has a lower detection
limit of 9.4 nM in the linear CBZ concentration range from 0.03 to 30 pm. The fabricated
sensor has good stability, high sensitivity (30.86 Aum~!cm™~2), and reliable reproducibility
(RSD = 3.6%). In particular, 3-CD/CNS@CNT/GCE sensor can be used for the detection
of CBZ in apple juice. Compared with the detection performance of other CBZ sensors,
the B-CD/CNS@CNT/GCE sensor has a relatively low LOD, good long-term stability,
anti-interference, and selectivity.
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Figure 13. Fabrication schematic of 3-CD/CNS@CNT /GCE sensor (Reprinted with permission from
Ref. [48]. 2022, Liu et al.).
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Imidacloprid (IM) has been widely used in crop pest control and disease resistance,
and the high sensitivity detection of imidacloprid concentration has put forward strong
requirements in the field of food safety [49]. Tang et al. [50] reported a sensitive ECL
sensor based on upconverting nanoparticle functional zeolite imidazolate framework
(UCNPs@ZIF-8) nanocomposites combined with molecularly imprinted polymers (MIPs),
which successfully realized the quantitative detection of IM. UCNPs@ZIF-8 composites
were characterized by a multi-sided prismatic structure with a large surface area and good
biocompatibility. In conjunction with Molecular imprinting technology (MIT), a recognition
cavity was left to capture the target. In addition, MIPs/UCNPs@ZIF-8 modified glass
carbon electrodes (MIPs/UCNPs@ZIF-8/GCE) offered excellent selectivity. The modified
electrode was characterized using EIS, and ECL performance was tested by CV. The results
show that the intensity of ECL gradually decreases as the IM concentration increases, which
proves that the presence of IM has a quenching effect on the response signal. The sensor
exhibited a good linear response to IM over a wide concentration range (0.1 ng/L-1 mg/L)
with a detection limit as low as 0.01 ng/L. MIPs have specific recognition and selective
adsorption capabilities that improve the selective recognition and enrichment of target
analytes by the sensor, thereby reducing detection time. It has been successfully applied
to the determination of IM concentrations in fish, shrimp, and lettuce, providing a new
means for the rapid detection of trace pesticide residues in crops and aquatic products. In
addition to MIPs, the ACEK effect can also be employed to accelerate the enrichment of
target analytes on the electrode surface.

Pesticides and chemical nerve agents containing organophosphorus compounds are
harmful to human health. Pham et al. [51] developed a chip-based electrochemical biosensor
for the detection of OP in food. The principle of the detection platform is based on the
inhibition of leucovorin (DMT), a typical OP that specifically inhibits acetylcholinesterase
(AChE) activity. A gold electrode modified with poly diallyl dimethyl ammonium chloride
(PDDA) and oxidized nanocellulose (NC) functionalized with carbon nanotubes was used
to detect OP, and the composite electrode showed a 4.8-fold higher sensitivity than the
bare gold electrode. The sensor was successfully used to detect food samples spiked with
organophosphates with a DMT detection limit of 4.1 nM, a quantification limit of 12.6 nM,
and a linear range of 10-1000 nM. The sensor creatively uses microfluidic chip technology
to miniaturize the sensor by integrating the electrodes on the chip. It has the prospect of
mass production and broad application.

Table 5. Electrochemical biosensors for pesticide residue detection.

Analyte Electrode Electrochemical Method Linearity Range LOD Assay Time Ref.
PM Au (@)% 1 uM-5 uM 0.6 uM 1 min [46]
CBZ GCE DPV 0.03-30 pM 9.4nM — [48]
M GCE cv 0.1ng/L-1mg/L 0.01ng/L — [50]
DMT Au cv 10-1000 nM 41nM — [51]

3.2. Heavy Metal

Heavy metal pollution is becoming a serious environmental and social problem, be-
cause the long-term accumulation of non-biodegradable heavy metal ions in the human
body leads to most diseases, such as kidney failure, chronic toxic symptoms, and liver
injury [52]. Therefore, lead, cadmium, chromium, and other heavy metals in food sources
must be controlled to ensure public safety [53]. A typical heavy metal analysis is performed
using conventional spectroscopic techniques, such as atomic absorption spectrometry (AAS)
and inductively coupled plasma optical mass spectrometry (ICP-MS). However, electro-
chemical methods offer significant advantages over optical analytical techniques, including
low cost, simplicity, and the possibility of field applications [54]. Several electrochemical
biosensors for the quantitative detection of As, Hg2+, Cd?%*, Pb%*, Cu?*, and Zn%* were
discussed below (Table 6).
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Table 6. Electrochemical biosensors for heavy metal detection.

Analyte Electrode Electrochemical Method Linearity Range LOD Assay Time Ref.
As SPGE SWASV 0.1-3.0 ppm 0.03 ppm <3 min [55]

Hg?* SPCE SWASV 0.8-12.0 nM 0.23nM — [56]
Caz 89.31 pmol/L .
Ph2+ Au SWV 0.1-1000 nmol /L 16.44 pmol/L 15 min [57]
Hg?* 6-7000, 0.08,
cd? 4-6000, 0.09,
Pb%* GCE SWASV 6-5000, 0.05, — [58]
Cu? 4-4000, 0.19,
Zn%* 6-5000 pg/L 0.01 ug/L

Khamcharoen et al. [55] created a small electrochemical platform for detecting As
(III) contamination in herbal medicines. To reduce the procedure for modification and
determination, only one drop of mixed standard Au (IIT) and sample solution were used for
electrochemical measurements using a screen-printed graphene electrode (SPGE). Square
wave anode dissolution voltammetry (SWASV) was used to characterize modification and
determination processes. When the reduction potential was maintained at —0.5 V, an Au-
As intermetallic alloy was formed. For electrochemical determination of As (III), As was
stripped away. This electrochemical sensing system can detect As (III) in the concentration
range of 0.1 to 3.0 ppm with a LOD of 0.03 ppm, and a total analysis time within 3 min. The
applicability and accuracy of the proposed sensor was verified by determining As (III) in
the herbal sample. The advantages of simple operation, fast detection, portability, and low
cost (<1 USD) make it a more powerful tool for routine monitoring and field analysis appli-
cations. It is worth noting that the proposed method is a simple and inexpensive analytical
method, especially for the determination of the As (III) of herbal clocks in the context of
limited resources. In situ one-step assays using standard gold solution modification SPGE
is beneficial to save time, budget, and reduce the number of experimental samples.

Narouei et al. [56] reported a novel conductive nanofiber structure with a large number
of nitrogen binding sites, which improved the sensitivity of SPCE for ngJr detection. The
nanofibers were made of conductive copolymer polyaniline-co-o-aminophenol (PANOA),
which was modified with AuNPs by electrochemical deposition. Because of the high
affinity of AuNPs for Hg2+, the nanofibers provided high detection sensitivity for SWASV.
The linear dynamic range of the sensor for Hg?* is 0.8-12.0 nM, and the detection limit is
0.23 nM. The sensor is selective for ngJr under the interference of As, Pb, Cu, Zn, and Cd
ions. It is also used in the detection of Hg?" in river water and fish samples. This method
provides a widely applicable strategy for improving the sensitivity of electrochemical
sensors to heavy metal ion contamination. Compared to PANOA or AuNPs modified
electrodes alone, Au-PANOA modified electrodes increase the sensitivity of the sensor
to detect Hg?* and have good selectivity for Hg?*. This strategy is very suitable for the
modification of low-cost disposable SPCE electrodes, which provides a feasible solution for
miniaturization and low-cost on-site detection of metal ion contamination.

Yuan et al. [57] designed an aptamer-based electrochemical aptamer sensor for the
first time, which can simultaneously detect Cd** and Pb?* in fruits and vegetables. The
detection principle of the electrochemical aptamer sensor is shown in Figure 14. Double-
stranded DNA containing aptamers is immobilized to gold electrodes by Au-S bonds.
In the absence of Cd%* and Pb?", the sensor has a high-intensity electrochemical signal.
Otherwise, after the addition of Cd?* and Pb?*, the metal ions bind specifically to the
aptamer, breaking the rigid double-stranded structure and keeping the aptamer away
from the gold electrode. Therefore, the electrochemical signal of the modified electrode
is weakened. The changes in electrochemical signals were measured by square wave
voltammetry, and Cd?* and Pb?* were detected simultaneously. The results showed that
the electrochemical aptamer sensor showed a linear response to Cd** and Pb?* in the
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range of 0.1-1000 nmol/L, and the detection limits of Cd?* and Pb?* reached 89.31 pmol/L
and 16.44 pmol/L, respectively. The electrochemical aptamase sensor showed significant
response to Cd?* and Pb?* only. For the first time, ultra-sensitive detection of Cd?* and
Pb%* at pmol/L levels simultaneously was achieved. Compared with other methods for
simultaneous detection of Cd2* and Pb?*, this study has the advantages of high sensitivity,
strong selectivity, and simple operation.
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Figure 14. Schematic diagram of electrochemical aptamer sensor for Cd?* and Pb?** detection
(Reprinted with permission from Ref. [57]. 2022, Yuan et al.).

Tan et al. [58] developed fluorinated ink/gold nanocage (FGP/AuNC) nanocompos-
ites for simultaneous determination of heavy metals using square-wave anodic stripping
voltammetry. The synergistic effect of AuNC and FGP can enhance the electrochemical
active center and cation affinity, and improve the catalytic activity of FGP/AuNC com-
posites for simultaneous electrochemical determination of Hg2+, Cd?%*, Pb%*, Cu?*, and
Zn%*. Under the conditions of buffer pH 5.0, deposition potential —1.25 V, and deposition
time 140 s, this method can obtain the best results. The detection limits of FGP/AuNC
electrodes were low (0.08, 0.09, 0.05, 0.19, 0.01 ug/L) and the linear ranges were wide
(6-7000, 4-6000, 6-5000, 4-4000, 6-5000 pg/L). In addition, FGP/AuNC electrodes were
also used for simultaneous determination of Zn%*, Cd?*, Pb?*, Cu®*, and Hg?* in real
samples (peanut, rapeseed and tea). The results of electrochemical method and atomic
fluorescence spectrometry/inductively coupled plasma mass spectrometry are in good
agreement. The method has been successfully applied to the determination of heavy metal
ions in agricultural products. The sensor detects multiple heavy metal ions simultaneously,
which saves the cost of the sensor and ensures the accuracy and sensitivity of the detection
results. However, it has high requirements for detection samples and is susceptible to
interference from impurities for the detection of complex samples, such as soil and feed.

3.3. Illegal Food Additives

Improper use of food additives may pose a threat to human health, so it is important
to develop sensitive and selective detection methods. According to their functions, food
additives can be divided into colorants, preservatives, sweeteners, thickeners, emulsifiers,
promoters, and acidity regulators, etc. [59]. For the quantitative detection of food additives,
many methods based on liquid chromatography, mass spectrometry and electrochemistry
have been reported [60]. Compared with other methods, the electrochemical methods
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have the characteristics of simple operation, low cost, and high accuracy. In the following,
electrochemical biosensing strategies for the detection of melamine (MEL), Sudan Red I,
and clenbuterol are discussed (Table 7).

Melamine is a nitrogen-rich organic compound commonly used to increase appar-
ent protein levels in liquid milk and milk powder. Excessive consumption of melamine
can cause damage to the urinary system and increase the risk of acute kidney failure,
urolithiasis, and bladder cancer in infants and children [61]. Rahman et al. [62] In order
to detect melamine in an aqueous solution, the cadmium-doped antimony oxide (Cd-
doped Sb,04) nanostructures (CAO-NSs) were synthesized by low-temperature alkaline
hydrothermal method. GCE was modified with CAO-NSs and its sensing performance
against melamine was studied by I-V in phosphate buffer solution (PBS). Melamine un-
dergoes a reduction reaction in the presence of CAO-NSs/GCE in PBS, and the current
response gradually decreases with the increase in melamine concentration at 25.0 °C. To
verify the performance of the sensor, melamine in actual milk samples was determined
using CAO-NSs/GCE, and the aggregated CAO-NSs exhibited extraordinary electrocat-
alytic activity. CAO-NSs/GCEs have high sensitivity (3.153 pApM ~lem~2) with a linear
monitoring range of 0.05 nM—0.5 mM and a detection limit of 14.0 & 0.05 pM. Compared
with other electrochemical sensors for melamine detection, this sensor has a wider detection
range and a lower detection limit at the pM level, providing better versatility. This is an
effective way to develop melamine and its derivatives-sensitive sensors that can be used
for safety detection in large-scale biomedical and healthcare fields.

An et al. [63] reported a simple sensor for MEL detection in milk. Due to the low
electrochemical activity of MEL, ferrocene glutathione (Fc-ECG) was used as an electron
transfer medium to assist SPCE in the detection of MEL. Figure 15 depicts the preparation
and signal enhancement effect of the improved SPCE, which was prepared using a step-
by-step drip method for the modified electrode (MEL/Fc-ECG/SPCE). The relationship
between MEL concentration and sensor current response in milk samples was investigated
using DPV. The results show that since three p-7t conjugated double bonds promote electron
transfer, MEL significantly enhances the signal of the Fc-ECG/SPCE sensor. The sensor
exhibited two linear lines in the range of 0.20-2.00 uM and 8.00-800 uM, with a detection
limit of 0.13 uM. It has good stability and reproducibility, while being resistant to interfer-
ence from other compounds. It has been successfully used to detect MEL in milk. However,
the linear range is not continuous, and the application may be limited.
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Figure 15. The process of making an Fc-ECG/SPCE sensor for MEL detection (Reprinted with
permission from Ref. [63]. 2022, An et al.).

Sudan red is used in the chemical industry as a colorant in oils, fats, plastics, waxes,
gasoline, shoes, printing inks, floor polish, and alcohol varnishes, and can also give red
color to chili sauce, ketchup, and many other common foods [64]. However, Sudan red
is a potential carcinogen, so the quantitative detection of Sudan red in food is imperative.
Yang et al. [65] studied the electrochemical properties of MWCNTs/ AuNPs/ GCE for the
quantitative detection of Sudan I. The surface of GCE was modified by electrodeposition of
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AuNPs and synthesis of MWCNTs by spray pyrolysis. The morphology and structure of the
synthesized AuNPs and MWCNTs were investigated by field emission scanning electron
microscopy (FESEM) and X-ray diffractometry (XRD). The results show that the MWCNTs
and Au nanoparticles have high density and porous structure. The electrochemical prop-
erties of MWCNTs/AuNPs/GCE were studied by cyclic voltammetry and amperometry.
Electrochemical studies showed that MWCNTs/AuNPs/GCE had high stability and sensi-
tivity, a linear response range of 10-260 uM, and detection limit of 4 nM, which could be
used for the determination of Sudan I in chili paste samples. Compared with other Sudan I
electrochemical sensors, this sensor exhibits a wide linear detection range, but the detection
limit is not the lowest and the sensor performance can be further improved.

Heydari et al. [66] synthesized zinc oxide nanoparticles (ZnONPs) by precipitation and
used it as a novel electrocatalyst for the detection of Sudan II dye. The nanoparticles were
characterized by X-ray diffraction spectroscopy and scanning electron microscopy tech-
niques with an average diameter of 25 nm. To study the electrocatalytic effect of ZnONPs,
carbon paste electrodes (CPEs) were modified with nanoparticles. The central composite
rotational design and response surface method were used to optimize the influence of
chemical and instrumental parameters on the oxidation reaction of Sudan II. Then, the
electrochemical response of Sudan II was studied on the surface of the nanostructured
modified electrode by DPV. The anode peak current of Sudan II was linearly related to
its concentration in the range of 0.01-20 mM, with a detection limit of 0.0017 mM. The
application of ZnONPs increased the active area of the electrode and improved the electron
transfer between Sudan Red II and the electrode surface, resulting in a 2.4 folds increase
in the voltammetric peak current of this sensor over the bare electrode. In addition, the
method was satisfactory for the detection of Sudan II in chili sauce. The detection limit of
this nanostructured sensor was superior compared to other electrochemical sensors for the
detection of Sudan II.

Clenbuterol (CLB) was originally used to treat human depression and lung disease [67].
In recent years, clenbuterol has been illegally used to feed live pigs because of its anabolic
effects that promote muscle growth and reduce fat mass [68]. However, it can remain in the
muscle tissue and internal organs of animals that are being raised, endangering the health
of those who eat it. Sun et al. [68] prepared two kinds of rGO/Fe3;O,4 nanocomposites by
solvothermal and hydrothermal methods and modified them onto the surface of glassy
carbon electrodes to prepare a Clenbuterol electrochemical sensor for direct electrochemical
detection of clenbuterol residues in animal metabolism. CV and DPV were used for electro-
chemical characterization and measurement, and the detection performance of the sensor
for clenbuterol was investigated. The electrochemical sensor can detect clenbuterol linearly
in the range of 1-128 um, and the detection limit is 120 nM (S/N = 3). The electrochemical
sensor has been successfully used to detect clenbuterol in pig urine. Compared to other
clenbuterol sensors, this sensor does not have an outstanding detection limit, but has a
wider linear range and is more versatile.

Jing et al. [69] proposed a new method for electrochemical detection of clenbuterol us-
ing boron carbon-oxynitrogen (BCNO) nanosheets as a sensing medium. BCNO nanosheets
were prepared using a sodium chloride/potassium chloride eutectic mixture as a molten
base, and the samples prepared were BCNO crystal with a nano-sheet structure. Modifica-
tion of BCNO on GCE can significantly improve electron transport capacity and provide
more electrochemically active sites. Clenbuterol was detected by using differential pulse
dissolution voltammetry (DPSV), and the DPSV signal increases as the CLB increases.
BCNO-modified GCE (BCNO/GCE) exhibited superior analytical performance when
detecting Clenbuterol. The sensor had a lower detection limit of 17 nM and a linear con-
centration range of 0.03-16.0 M. Finally, the method was applied to the determination
of clenbuterol in porcine serum and tablets, and satisfactory recovery was obtained. The
results suggest that BCNO nanostructures are expected to be candidates for electrochemical
sensors. The sensor has good interference immunity, repeatability and stability for CLB de-
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tection. It shows a wide linear range and low LOD compared to the analytical performance
of other electrochemical sensors, which is superior to most previous reports.

Table 7. Electrochemical biosensors for the detection of illicit additives.

Analyte Electrode Electrochemical Method Linearity Range LOD Assay Time Ref.
) GCE -V 0.05 nM-0.5 mM 14.0 + 0.05 pM — [62]
Melamine 0.20-2.00 M
SPCE DPV 8.00-800 LM 0.13 uM. — [63]
(@)%
Sudan red GCE Amperometry 10-260 uM 4nM — [65]
CPE DPV 0.01-20 mM 0.0017 mM — [66]
GCE cv 1-128 uM 120 nM — [68]
Clenbuterol DPV H
GCE DPSV 0.03-16.0 uM 17 nM — [69]
4. Genetically Modified Crops
Genetically Modified Crops (GMC) are plants in which genes with target traits are
modified by genetic engineering techniques and then introduced into the genome of the
recipient plant [70]. These exogenous genes are not only stably inherited in the offspring,
but can also lead to beneficial traits such as insect resistance, herbicide resistance, and
disease resistance in the crop. However, the biosafety of GMC has been controversial.
Currently, the detection of GMC components mainly includes gene nucleic acid detection,
protein detection, and metabolite detection [70]. although traditional detection methods
such as PCR, ELISA, and HPLC are mature and reliable, they cannot meet the practical
needs of high speed and low cost. Therefore, a fast, accurate, and low-cost field detection
platform for transgenic crops is needed. The following is a discussion of electrochemical
biosensors for GM soybean and maize detection (Table 8).
Table 8. Electrochemical biosensors for the detection of GMC.

Analyte Electrode  Electrochemical Method Linearity Range LOD Assay Time  Ref.
CP4 EPSPS Au SWV 0.005-0.3 mg/mL 38 ng/mL — [71]
SHZD32-1 SPCE EIS 1.0 x1077-1.0 x 107¥ M 31 x107“M — [72]

Ruifeng12-5 SPCE EIS 0.10-5.0% 0.10% — [73]

Marcos et al. [71] developed an electrochemical immunosensor for the detection of the
transgenic soy protein CP4 EPSPS in soybean seeds, which does not require a labeling and
signal amplification system. The sensor schematic is shown in Figure 16. The CP4 EPSPS
antibodies were first modified on the gold electrodes, and the modified gold electrode was
incubated in soy protein solutions of different concentrations at 37 °C for 30 min. After
washing with ultrapure water, the electrodes were immersed in an electrochemical cell
containing K4[Fe(CN)g] (1 mM) and LiCl (0.1 M) solutions. Electrochemical measurements
were performed using SWV, and the peak current was linearly related to the concentration of
soy protein in the range of 0.005-0.3 mg/mL, with a detection limit of 38 ng/mL CP4 EPSPS
(below 0.00038% CP4 EPSPS). Since many countries recommend labeling foods containing
higher than 0.9% CP4 EPSPS, the detection limit of this sensor meets the detection needs.

Gao et al. [72] also established a label-free electrochemical sensing platform for the
detection of transgenic soybean SHZD32-1. Soybean SHZD32-1 seeds were ground into
powder and then genomic DNA samples were extracted by a CTAB-based method. GCDs
modified on the SPCE surface can be attached to single-stranded DNA probes via Au-S
bonds while improving the conductivity of the DNA sensor. After binding of the DNA
probes to transgenic soybean DNA, the electron transfer resistance (Ret) on the sensor
surface was quantified by the Ret response increased with logarithmic increase in target
DNA concentration over a linear range of 1.0 x 1077-1.0 x 1013 M, with a detection limit
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of 3.1 x 10~1* M. This label-free sensor is made by inserting the SPCE into a handheld EI
analyzer is conveniently fabricated, demonstrating simplicity of construction and operation,
requiring no additional indicators or cumbersome procedures, and can be used in a friendly
manner by non-specialists.

CP4 EPSPS ®
° K,4[Fe(CN
<&@ X el &% 4 4.[ €(CN)¢]
V> ‘) “ Vh o *)' i
—_— — _e —
Modified electrode CP4 EPSPS Ferrocyanide Analytical signal
Specific binding pre-concentration detection

and oxidation

Figure 16. Schematic diagram of the electrochemical immunosensor for the detection of CP4 EPSPS
(Adapted with permission from Ref. [71]. 2022, Marcos et al.).

Cui et al. [73] developed a label-free electrochemical impedance gene sensor using
gold carbon dots (GCDs) and an easy-to-use portable device. It consists of a handheld
electrochemical impedance (EI) analyzer equipped with a coin-sized SPCE. Figure 17 shows
the preparation process of this sensor, GCDs were used to modify a screen-printed carbon
electrode and capture probes were immobilized by Au-S bonding. Transgenic maize sample
DNA was extracted using a one-step extraction method with direct plant lysis buffer and
amplified by recombinase polymerase amplification (RPA). The capture probes immobilized
on the sensor were identical to the forward RPA primer. After the amplification products
bound to the capture probes, the EI signal increased due to the formation of a biocomplex
that hindered the interfacial electron transfer. The proposed genetic sensor combined with
RPA can detect maize Ruifeng12-5 in a linear range of 0.10-5.0% with a detection limit of
0.10%, roughly calculated as 36 copies/pL based on the size of the maize haploid genome.
The sensor device is simple to prepare and does not require expensive instruments or
specialized personnel and has wide application prospects.

One-step extraction ~ Event-specific RPA
——e e NN
10 min i
GCDs
—)

Capture probe

Figure 17. Fabrication process of EI gene sensor based on GCD (Reprinted with permission from
Ref. [73]. 2022, Cui et al.).
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5. Summary and Outlook

As food imports and consumption continue to grow in all regions of the world, there
is an increasing need for rapid and accurate testing of potentially contaminated foods.
Electrochemical biosensors offer a platform to address this challenge due to their rapid
testing, portability, and low cost. This article provides a detailed review of electrochemical
biosensors for the detection of biological food contaminants, chemical food contaminants,
and genetically modified crops.

Although these sensors have shown excellent performance, further research is needed.
Not only do researchers need to simplify sample preparation, but also need to enable
sensors to detect target analytes in samples at very low concentrations. Research shows
that the inclusion of nanomaterials on the electrode surface increases the conductivity and
surface area of the electrode, loading more antibodies and markers and improving the
electrocatalytic performance of the sensor. In another case, adding nitrogen binding sites or
doping nitrogen on the electrode surface can improve the electrical signal and improve the
sensitivity of the sensor. Furthermore, real-time monitoring needs to be done on-site. In the
future, with the emergence of new nanomaterials, microfluidics, and molecular biology
techniques, more new electrochemical biosensors will be designed with higher detection
performance to ensure food safety.
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Abstract: Herein, we present a comprehensive investigation of rationally designed zinc selenide
(ZnSe) nanostructures to achieve highly negatively charged ZnSe nanostructures. A Microwave-
assisted hydrothermal synthesis method was used to synthesize three types of ZnSe nanostructures,
i.e., nanorods, p-spheres and nanoclusters, as characterized by a zeta potential analyzer, X-ray
diffraction (XRD), scanning electron microscopy (SEM), Raman spectroscopy and BET, which were
labeled as type A, Band C. Three different solvents were used for the synthesis of type A, Band C ZnSe
nanostructures, keeping other synthesis conditions such as temperature, pressure and precursors
ratio constant. Based on two heating time intervals, 6 and 9 h, types A, B and C were further divided
into types A6, A9, B6, B9, C6 and C9. ZnSe nanostructures were further evaluated based on their
fluorescent quenching efficiency. The maximum fluorescence quenching effect was exhibited by the
ZnSe-B6 type, which can be attributed to its highly negative surface charge that favored its strong
interaction with cationic dye Rhodamine B (Rh-B). Further, the optimized ZnSe-B6 was used to
fabricate an aptasensor for the detection of a food-based toxin, ochratoxin-A (OTA). The developed
aptasensor exhibited a limit of detection of 0.07 ng/L with a wide linear range of 0.1 to 200 ng/L.

Keywords: Forster resonance energy transfer; ZnSe nanostructures; ochratoxin A; aptamer; zeta
potential; fluorescence detection

1. Introduction

The development of biosensing devices that can monitor environmental and dietary
hazards has grabbed much attention in recent years [1,2]. In particular, fluorescent biosen-
sors based on bio-conjugated nanomaterials and involving a Forster resonance energy
transfer (FRET) mechanism have great advantages in term of sensitivity and simple operat-
ing procedures [3]. The choice of materials used to develop fluorescent biosensors is very
crucial because surface charge, electron transport behavior and structural and optical prop-
erties decide the ability of materials to perform selective, sensitive and reliable detection [3].
Thus, there is a dire need of such materials in which controlling their synthesis parameters
can induce different properties and functionalities such as surface charge and morphology.
Recently, diverse types of nanomaterials such as carbon nanotubes, 2D nanomaterials,
gold nanoparticles and quantum dots have been explored and investigated as potential
fluorescent quenchers for the development of fluorescent biosensors [4].

Zn-based II-VI nanostructures such as zinc selenide (ZnSe) exhibit wide direct bandgap
(2.67 eV) along with high exciton binding energy (21 meV); thus, ZnSe has been consid-
ered as an excellent choice for optoelectronic devices [5-7]. In recent times, researchers
working in the domain of nanostructured materials have reported a number of different

Biosensors 2022, 12, 844. https:/ /doi.org/10.3390/bios12100844

https:/ /www.mdpi.com/journal /biosensors
67



Biosensors 2022, 12, 844

dimensional ZnSe nanostructures including nanorods, nanoplates, nanoneedles, nanobelts,
nanoparticles and nanowires [8-14]. Diverse approaches have been applied for the synthe-
sis of ZnSe nanostructures, such as microwave irradiation, hydrothermal, chemical vapor
deposition and solvothermal [15-18]. Among these, the microwave-assisted synthesis
technique has several advantages such as fast and uniform heating, higher product yield
and short reaction time, low energy requirement, less expensive, high purity and small
narrow particle size distribution as compared to other techniques [19]. As the fluorescent
sensing performance is directly linked to surface charge, size, dispersity and morphology of
nanostructures materials, thus the synthesis of ZnSe nanostructures with controlled surface
charges, morphology, and physicochemical properties has great potential for biosensing
applications [20-23].

Here, we show that by varying the synthesis reaction time and changing precursors,
ZnSe nanostructures with different morphology, size, surface charge and physicochemical
properties can be designed for fluorescent detection applications. The microwave-assisted
synthesis route was used to synthesize three types of ZnSe nanostructures by changing
their precursors and reaction time (6 and 9 h) at fixed temperatures. Based on synthesis con-
ditions, three different shapes including spherical, rods and cluster-like morphologies were
formed. XRD results of synthesized ZnSe nanostructures revealed through Williamson—
Hall equations that nanostructures contain strains. It is well-established that due to the
strain, defects are produced, which strongly influence the intrinsic properties [24] of syn-
thesized ZnSe, resulting in improvements to their dispersion [25]. At the same time, defects
induce negative charge; thus, the surface of the ZnSe nanostructures exhibited highly
negative surface charges, which were confirmed by measuring their zeta potentials [26].
This highly negative surface charge made the synthesized ZnSe nanostructures highly
stable and dispersive [27,28]. With the increase in size, the negative surface charge also
increased, which may be ascribed to a larger steric hindrance [29]. The highly negative
surface charges of ZnSe nanostructures were further exploited to interact with Rh-B a
cationic dye and their behavior as nanoquenchers was confirmed. Ochratoxin A (OTA) is a
mycotoxin classified as a (Group-2B) carcinogen by the International Agency for Research
on Cancer (IARC). OTA released in the form of Aspergillus and Penicillium results in the
contamination of foods such cereals, fruit juices, beans, wine, corn, wheat and barley [30].
The European Commission has released guidelines about the permittable content of OTA,
which is 5 ug/kg and 10 pg/kg in raw grains and soluble coffee and 2 pg/kg in grape juice
or wine [31].

ZnSe nanostructures were exploited as nanoquenchers to develop the fluorescent
aptasensor for the detection of OTA. The quenching response of type ZnSe-B6 on the
emission spectrum of Rh-B dye in the presence of an OTA aptamer was evaluated with and
without an OTA target. Pure Rh-B exhibited a sharp fluorescence peak, which significantly
reduced after the addition of ZnSe-B6 nanoquencher, which primarily can be attributed
to an FRET mechanism based on the strong binding interaction between cationic Rh-B
dye and the highly negatively charged surface of ZnSe-B6 [32,33]. Scheme 1B shows step
by step details of the fabrication of a ZnSe-nanostructure-based fluorescent aptasensor
for the detection of OTA. Firstly, exploiting very high negative surface charge of ZnSe-B6
and positive charge of amino modified OTA aptamer, the ZnSe-B6-aptamer complex was
formed. Afterwards, when Rh-B dye was introduced to the ZnSe-B6—aptamer complex,
fewer ZnSe-B6 particles were available to quench the fluorescence of the Rh-B dye, and
thus a fluorescence recovery response was achieved. Finally, when target analyte (OTA)
was introduced, it made specific interactions with the aptamer, which weakened aptamer
and ZnSe-B6 interactions. The stronger conjugation between the amino-modified OTA
aptamer and target analyte OTA resulted in ZnSe-B6 particles being released from the
ZnSe-B6-aptamer complex, which quenched the fluorescence of the Rh-B dye, and thus
fluorescence quenching recovered. There was a direct proportional relation between
the fluorescence quenching percent and the concentration of OTA in the assay. In this
work, based on synthesis reaction time and precursors, we have rationally designed ZnSe
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nanostructures with highly negative surface charges and different morphologies and
exploited these properties to develop an aptasensor for OTA detection.
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Scheme 1. Schematic illustration of the fluorescence-quenching-based detection of OTA; quenching
response of ZnSe-B6 on fluorescence emission spectra of Rh-B dye (A), quenching response of ZnSe-B6
on fluorescence emission spectra of Rh-B dye in the presence of OTA aptamer with and without OTA
target (B).

2. Experimental
2.1. Synthesis of ZnSe Nanostructures

A microwave-assisted hydrothermal synthesis approach was used to synthesize three
types of ZnSe nanostructures under control synthesis conditions by keeping temperature,
pressure and precursors ratio constant by using three different solvents at two heating time
intervals, including 6 and 9 h. Under controlled synthesis conditions, three different shapes,
including spherical, rods and cluster-like morphologies, were obtained at two different
time intervals. Brief detail about the synthesis of these morphologies is as follows.

2.1.1. Fabrication of ZnSe Nanorods

For the preparation of ZnSe nanorods, 1.6 mmol of zinc nitrate was mixed with 4 M
KOH in 30 mL (water/ethanol) and kept heating at 80 °C in a microwave oven for 20 min.
After that, 1.5 mmol of selenium tetrachloride in 20 mL hydrazine dihydrochloride was
added drop wise into the previous solution and this reaction was kept for 6 and 9 h at
120 °C in a microwave-assisted oven to obtain two types of ZnSe, which were labeled as
A6 and A9 respectively. The resultant precipitates of A6 and A9 were cooled down to room
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temperature and then centrifuged and washed with water and ethanol, respectively. The
obtained powder was next dried at vacuum in room temperature.

2.1.2. Fabrication of ZnSe p-Spheres

Similarly, for the preparation of ZnSe p-spheres, 1.6 mmol of zinc nitrate was mixed
with 4 M KOH in 30 mL (water/ethanol) and kept heating at 80 °C in a microwave oven
for 20 min. After that, 1.5 mmol of selenium tetrachloride in 20 mL ethylene glycol was
added drop wise into the previous solution and this reaction was kept for 6 and 9 h at
120 °C in a microwave-assisted oven. The materials kept for 6 and 9 h were labeled as B6
and BY, respectively. The resultant precipitate was cooled down at room temperature and
centrifuged and washed with water and ethanol and subjected to drying in a vacuum oven.

2.1.3. Fabrication of ZnSe Nanoclusters

Further, for the preparation of ZnSe nanoclusters, 1.6 mmol of zinc nitrate was mixed
with 4 M KOH in 30 mL (water/ethanol) and kept under microwave in an oven for 20 min
at 80 °C. In the next step, 1.5 mmol of selenium tetrachloride was prepared in 20 mL acetic
acid and was added drop wise into the previous solution and this reaction was kept for 6
and 9 h at 120 °C in a microwave-assisted oven. After that, the solution was placed into a
microwave oven for 6 and 9 h to obtain C6 and C9, respectively. The resultant precipitate
was cooled down at room temperature and then centrifuged and washed with water and
ethanol, respectively. The resultant precipitates were next dried in a vacuum oven.

2.2. ZnSe-Nanostructure-Based Fluorescence Quenching

Blank and fluorescence quenching measurements of organic fluorescence dye Rh-B
were carried out without and with the addition of ZnSe nanoquenchers, respectively. First,
a blank reagent fluorescence emission spectrum containing (160 ng/L) dye was measured.
Afterwards, 1 uL from each stock solution containing ZnSe nanostructures (A6, A9, B6, B9,
C6, C9) were added into Rh-B (16 uL) and a volume make up of 2000 uL was achieved using
PBS to get an end concentration of 450 g /L for ZnSe nanostructures. Subsequently, the
mixture stayed for 10 min and then fluorescence quenching on the addition of all six ZnSe
nanostructures was determined using 554 nm as the excitation wavelength while emission
spectra were noted at 578 nm. The extent of fluorescence quenching was measured by
calculating the difference between the mission spectra of the Rh-B and the maximum of
emission induced by the ZnSe nanostructures. The maximum quenching was observed
by the ZnSe nanostructure type B6, and thus used in the next experiments to develop the
aptasensor for OTA detection. A 2000 pL reaction volume with an optimum concentration
of 450 ug/L ZnSe was used for the experiments to detect OTA.

2.3. ZnSe-Nanostructure-Based Fluorescent Aptasensor for OTA Detection

The optimized amino-modified OTA aptamer (50 nM) was incubated with 1 uL ZnSe
type B6 (450 pg/L) for 15 min. Afterwards, a total volume of 2000 uL of the solution
containing aptamer, ZnSe-B6 and dye Rh-B (160 ng/L) was made using PBS and further
incubated for 10 min. Subsequently, the solution was subjected to fluorescence response and
then ultimately varying concentrations of OTA (0.1-200 ng/L) were added. An optimized
incubation time, i.e., 30 min, was used to incubate the OTA containing solution and then
fluorescence measurements were taken at 554 nm for excitation and 578 nm for emission.
The control experiment was also run, without the addition of OTA.

2.4. Interference and Real Sample Studies

The specificity of the developed OTA aptasensor was evaluated in the presence of the
possible interfering analytes, i.e., ochratoxin-B, aflatoxin M1 and aflatoxin B1. The same
concentration (100 ng/L) of each interfering species was employed to form an aptamer-
interfering species complex using the same parameters as those applied for OTA detection.
Further, a rice sample purchased from the local market of Lahore, Punjab and grinded in a
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kitchen grinder machine was used to confirm the practical acceptability of the fabricated
aptasensor. The rice extract was received following the already reported procedure [34].
Acetonitrile was used as an extracting solvent and one gram of grinded rice powder was
introduced into a 10 mL solvent, and stirred for 15 min. Afterwards, a 15 min centrifugation
of the mixture was carried out at 35,000 rpm, and then the received solid rice sample was
dried under an inert atmosphere. For real sample validation, the rice extract and PBS
(1:9 v/v), having a total volume of 1 mL, was firstly sonicated to get a well-mixed solution.
Subsequently, 1 uL of ZnSe-B6 (450 ng/L), and for 50 nM end concentration, 20 uL of amino-
modified OTA aptamer, were used for the fabrication of an aptasensor. Percentages of
quenching recoveries with OTA-spiked (5, 50 and 100) ng/L rice samples were determined,
which presented excellent linear behavior with the increase of OTA concentration.

3. Results and Discussion
3.1. Morphological and Structural Characterization of ZnSe Nanostructures

The surface morphologies of the synthesized ZnSe nanostructures were characterized
by scanning electrode microscopy (SEM). SEM results showed the formation of ZnSe
with different shapes and sizes. Briefly, Figure 1A and B shows the clear formation of
nanorod shaped ZnSe with an average width of 200-260 and 150-210 nm, respectively.
Similarly, Figure 1C and D clearly shows the successful formation of ZnSe p-spheres with
an average size of 2200-2400 and 1100-1500 nm, respectively. Further, Figure 1E and F
shows the formation of ZnSe nanoclusters with an average size of 210-260 and 75-130 nm,
respectively.

Figure 1. SEM images of ZnSe nanostructures: ZnSe nanorods (A,B), nanospheres (C,D) and nan-
oclusters (EF).
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The phase purity, crystallographic structure and crystal formation of zinc selenide was
investigated via wide-angle XRD analysis within the range of 5-80° (Figure 2A).
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Figure 2. XRD Spectra representing formation of ZnSe nanostructures (A), and the crystallite size
and strain of synthesized ZnSe calculated by using the W-H plot (B-G).

The XRD spectrum reflects a series of diffraction characteristic peaks centered at 20
value of 26.99°, 31.55°, 44.55°, 53.45°, 65.78° and 72.48° corresponding to 111, 200, 220,
311, 400 and 331 crystal planes of face-centered cubic, respectively. These results clearly
match with the Joint Committee on Powder Diffraction Standard (JCPDS No. 88-2345), thus
confirming the formation of ZnSe.

Further, the average crystallite size and strain of synthesized ZnSe nanostructures
were also calculated by using Scherrer (Supplementary Equation (51)) and Williamson—
Hall equations, respectively. The calculated average crystallite sizes of A6, A9, B6, B9, C6
and C9 were observed to be 16.69, 21.14, 16.48, 17.91, 30.05 and 23.91 nm, respectively
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(Figure 2B-G and Supplementary Table S1). The micro strain was also calculated by using
the Williamson—Hall equation. From the results, two types of micro strains were observed
in which positive slopes of 1.1 and 0.7 for A6 and C9 showed a tensile strain, whereas
negative slopes of —2.7, —0.5, —0.8 and —0.06 for A9, B6, B9 and C6 showed a compressive
strain, respectively [34].

The bending, stretching, rotational and vibrational modes in the synthesized ZnSe
nanoparticle were studied via Fourier transform infrared spectroscopy (FTIR). FTIR spectra
of synthesized ZnSe showed the characteristic peaks at 482, 561, 651, 671 and 970 cm~!
belonged to Zn-Se vibrations (Figure 3A). In addition, the characteristics peak at 3429 cm-1
and weak characteristics peak at 1595 cm ™! corresponded to O-H characteristic vibrations.
In the case of C2 and C3, there was another sharp peak at 3199 cm !, which corresponded
to the N-H stretching vibration band. Additionally, a slight shift of the N-H stretching
vibration band toward the lower frequency could be attributed to the interaction of NyHy
with zinc ion and the regular periodic structure of the molecular precursor.
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Figure 3. FTIR spectra of ZnSe nanostructures (A), Raman spectra (B) and PL spectra (C) of synthe-
sized ZnSe nanostructures.

Furthermore, Raman (Figure 3B) and PL (Figure 3C) spectroscopy were also used to
analyze the synthesized ZnSe nanostructures. Raman results showed the presence of TO
(210 cm~1) and LO (255 cm ') phonon frequencies for bulk ZnSe [35]. The transverse optic
(TO) and longitudinal optic (LO) phonon modes of the crystalline ZnSe were responsible
for the two Raman peaks with centers at 205 and 248 cm !, respectively. Results further
showed that the synthesized ZnSe structures were of excellent crystalline quality and pure
phase, as seen by the crisp and symmetrical Raman peaks. However, the TO and LO phonon
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frequencies for ZnSe nanostructures were centered at 199 and 242 cm ™!, respectively, and
both yielded a wide Raman peak as a result of the structures” high surface-to-volume ratio.

PL spectra of ZnSe nanostructures revealed a strong and wide emission band spanning
500-800 nm. The near-band-edge (NBE) emission of ZnSe is often responsible for the faint
blue emission peak. Surface emissions and potential metal vacancies have been linked to
the emission band between 520 and 780 nm in the case of A6, A9, B2 and B9. According to
Geng et al. [36], certain donor—acceptor pairings connected to Zn vacancy and interstitial
states, or linked to dislocation stacking faults and nonstoichiometric defects, are the reason
behind the high emission at about 520 nm. Whereas, according to Zhang et al. [37],
recombination of a donor-acceptor pair involving Zn vacancies and Zn interstitial was
the cause of the emission. Thus, we believe that the high emission must be related to the
interstitial Zn defect and nonstoichiometric defects since the products increased under
Zn-rich conditions in the case of C6 and C9. Brunauer—Emmett—Teller (BET) has been used
to characterize the surface area and porous texture of ZnSe. BET results showed specific
surface areas of ZnSe of 0.004, 0.048, 0.016, 0.020, 0.016 and 0.014 m?2/ g, corresponding
to A6, A9, B6, B9, C6 and C9, respectively. The zeta potential of ZnSe nanostructures
were also calculated to estimate the surface charge. All the ZnSe nanostructures exhibited
higher values of negative zeta potential (Table 1). The negative zeta potential value for the
synthesized ZnSe may be attributed to the dense electron of O around ZnSe. It can be seen
in Table 1 that ZnSe-B6 (p-sphere) had the highest negative zeta potential value, which
makes ZnSe-B6 highly dispersive and stable.

Table 1. Zeta potential values of ZnSe nanostructures before and after the addition of Rhd-B.

Sr. No. Zeta (mV) ZnSe NP Zeta (mV) ZnSe NP+ Rhd-B
B6 —437 —229
B9 —95.2 —319
Cé6 —320 —284
9 —409 —333
A6 —332 —366
A9 —379 —297

3.2. Morphological-Based Fluorescence Quenching of the ZnSe Nanostructures

Figure 4A shows the summary of fluorescence quenching behavior of ZnSe nanos-
tructures (A6—-C9) based on negative surface charge, size and morphology. The highest
negative value of zeta potential exhibited by ZnSe-B6 (u-sphere) showed a maximum
%FL quenching signal because of extensive surface interaction with cationic dye Rh-B.
Figure 4B shows comparative % fluorescence quenching behavior of all six ZnSe (A6-C9)
nanostructures. Rh-B concentrations in the range of 10-250 ng/L were also optimized
(Supplementary Materials, Figure S1) for the development of a ZnSe-nanostructure-based
aptasensor. We further evaluated the effect of ZnSe-B6 concentration (Figure 5A) and
found small difference of concentrations values greater than 450 pg/L, and thus opted
for the development of an aptasensor. Next, sonication conditions and the incubation
time were also employed to adjust the fluorescence measurements (Figure 5B,C). A 10 min
sonication time and a 10 min incubation time were selected as optimized values for the
next experiments.

3.3. Fabrication of the ZnSe-Based Aptasensor

To fabricate the ZnSe-nanostructure-based aptasensor, exploiting their quenching
properties, the quenching response of selected ZnSe-B6 on fluorescence emission spectra of
Rh-B dye in the presence of an OTA aptamer was evaluated with and without OTA target,
as shown in Scheme 1.
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Figure 4. Summary of fluorescence quenching behavior of ZnSe nanostructures (A6-C9) (450 ug/L)
based on structural morphology and negative surface charge (Rh-B: 160 ng/L) (A). % fluorescence
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Figure 5. Effects of ZnSe-B6 concentrations (250-550 nug/L) (A), sonication time (B) and incubation
(C) on the quenching (% FL) in the presence of Rh-B (160 ng/L).

As shown in Figure 6a, the pure dye solution (160 ng/L) presented a strong fluores-
cence maximum at 578 nm. On adding a ZnSe-B6 nanoquencher, an appreciable decrease in
fluorescence response was found (Figure 6b), which is primarily can be attributed to Forster

75



Biosensors 2022, 12, 844

resonance energy transfer (FRET), based on the strong binding interaction between cationic
Rh-B dye and the highly negatively charged surface of ZnSe-B6 [32,33]. To develop the
ZnSe-B6-based aptasensor, already optimized concentration, sonication time and incuba-
tion time values for the ZnSe-B6 were used. ZnSe-B6 (450 y1g/L) and 50 nM amino-modified
aptamer was chosen for the ZnSe-B6—aptamer complex formation. ZnSe-B6 exhibited very
high negative surface charge while the amino-modified OTA aptamer contained a positive
charge due to the attached amino group, which favored their surface interactions. The
solution mixture was subjected to incubation for 15 min to enhance the surface interaction
between ZnSe—aptamer conjugations.
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Figure 6. Fluorescence emission spectra of Rh-B (160 ng/L) (a); quenched fluorescence emission with
ZnSe-B6 nanoquencher of 450 pg/L (b); fluorescence recovery with OTA aptamer (50 nM) stabilized
with (450 pg/L) ZnSe-B6 (c); fluorescence quenching recovery with OTA (d).

Subsequently, when Rh-B dye was introduced to the ZnSe-B6—aptamer conjugation, a
fluorescence recovery response was achieved (Figure 6¢). Upon introduction of the OTA,
conjugation between the aptamer and OTA formed, which weakened the link between
the aptamer and ZnSe-B6. The OTA and aptamer’s stronger binding interaction resulted
in the release of ZnSe-B6 particles from the ZnSe-B6-aptamer complex, which quenched
the fluorescence of the Rh-B dye, and thus fluorescence quenching recovered (Figure 6c).
There was a direct proportional relation between the fluorescence quenching percent and
the concentration of OTA in the assay.

3.4. Optimization

After demonstration of the quenching properties of the ZnSe-B6 to develop the OTA
aptasensor, the next experiments were carried out to fix the experimental conditions,
including aptamer concentration, aptamer incubation time, pH and incubation time of
OTA, to evaluate their influence on the aptasensor efficiency. Figure 7A demonstrates
the influence of different concentrations of OTA aptamer (5-60 nM), which demonstrated
an incremental fluorescence intensity with increases in the amount of aptamer. Based on
this observation, a 50 nM concentration was selected to fabricate the aptasensor, as this
concentration was appropriate to devise the aptasensor based on quenching and recovery
signals. Figure 7B showed that with increases in incubation time (0-30 min), an increase
in the fluorescence emission also took place. An aptamer incubation time of 15 min was
selected for the development of the aptasensor. The effect of incubation time of OTA
(0-30 min) on fluorescence quenching recovery and performance of the aptasensor was
further assessed. Figure 8A shows that maximum fluorescence quenching (% FL quenched)
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after OTA target conjugation with the aptamer complex took place after 30 min incubation.
The fluorescence quenching on introduction of OTA at varying pH levels (pH 3-9) was also
evaluated and the quenching response has been given in Figure 8B. An impressive %FL
quenching response of ~70% was observed at 7 pH.
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Figure 7. Effect of aptamer concentrations (5 to 60 nM) (A) and aptamer incubation time (0-30 min) (B)
on fluorescence recovery of Rh-B (160 ng/L) in the presence of ZnSe-B6 (450 ug/L).
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Figure 8. Effect of incubation time (0-30 min) of OTA (200 ng/L) (A) and pH (3-9) on % Fl quench-
ing (B).

3.5. Analytical Performance of the Developed Aptasensor

To confirm the practical applicability of the fabricated ZnSe-nanostructure-based
aptasensor, the calibration curve based on % of recovered FL quenching with OTA concen-
trations ranging from 0.1-200 ng/L was evaluated. It can be seen in Figure 9. The %FL
quenching signal increased in a directly proportional manner with higher concentration
values of OTA due to the strong binding coordination of the amino-modified OTA aptamer
with OTA to form an OTA aptamer-OTA reaction complex. Figure 9B shows that there is a
good linear relationship, which can be confirmed with a linear equation (y = 2.4x + 9.99,
R? = 0.983) between recovered %FL quenching and OTA concentration. A very low limit
of detection (LOD) of 0.07 ng/L was achieved. The low LOD is an indication of the high
specificity and selectivity of the ZnSe nanostructure-based aptasensing system.
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Figure 9. Fluorescence quenching spectra at different OTA concentrations (A); calibration plot (%FL
quenching vs. OTA concentrations) (0.1, 0.5, 2.0, 5.0, 10, 20, 50, 100 and 200 ng/L) measured at 554 nm
for excitation and 578 nm for emission (B).

The complex composition of samples is a big challenge for the development of ap-
tasensors; thus, selectivity is the most important factor towards the practical application
of aptasensors [34]. Selectivity of the ZnSe-nanostructure-based fluorescent aptasensor
towards OTA was assessed using OTA interfering species such as ochratoxin-B (OTB),
aflatoxin-M1 and aflatoxin-B1 (AFB1). Firstly, %FL quenching recovery was evaluated
in the presence of 200 ng/L OTA. Afterwards, the relative %FL quenching recovery was
evaluated in the presence of some common OTA interfering species, each at a concentration
of 200 ng/L, under the same experimental parameters as those followed for OTA. Figure 10
shows a comparative % recovered FL quenching response of interfering compounds, which
suggests that all interfering mycotoxins exhibited very little %FL quenching recovery as
compared to OTA, which is a clear indication that there is negligible interaction between
the OTA aptamer and the interfering analytes. The relative perecntages of recovered FL
quenching were ~83% for OTA, ~6.51% for OTB, ~7.38 for AFM1 and ~6.59% for AFB1. The
results demonstrate high selectivity of the developed aptasensor, which is due to the high
specificity interaction and binding of the OTA with the aptamer [38,39].

% FL quenching
85 8 o

-
(&)
1

OTA OTB AFM1 AFB1

Figure 10. Response of developed aptasensor for OTA and other interfering species at a concentration
of 200 ng/L in PBS (pH 7) under optimized conditions.
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The analytical accuracy, practical applicability, reliability and reproducibility of the
ZnSe-nanostructure-based fluorescent aptasensor was validated by detecting OTA in rice
extracts. Three varying concentrations of OTA, i.e., 5, 50 and 100 ng/L were spiked to
rice samples purchased from a local market. The recovery of spiked OTA was determined
using the developed aptasensor. As shown in Table 2, the recovery and reproducibility
were acceptable in all cases. The FL quenching recovery % response of OTA in buffer was
in strong agreement with OTA spiked samples. The relative standard deviation (R.S.D %)
of these recovery experiments were 0.56%, 0.22% and 0.218% for n = 3, which demonstrates
good stability, reproducibility and practical applicability of the developed aptasensor.
Comparison of some recent nanostructure-based fluorescent sensors for OTA detection is
presented in Supplementary Table S2.

Table 2. Determination of OTA spiked in rice extract (n = 3).

OTA Added OTA Found

Sr. No. (ng/L) (ng/L) R.S.D % R.E % R %
1. 5 5.04 0.5634 0.8 100.8
2. 50 50.16 0.2259 0.32 100.32
3. 100 100.31 0.2188 0.31 100.31

R.S.D % = relative standard deviation percentage; R.E % = relative error percentage; R% = recovery percentage.

4. Conclusions

In the present work, precursor and synthesis reaction time dependent multifunc-
tional ZnSe nanostructures, with a highly negative surface charge and different sizes
and morphologies were successfully synthesized. We further exploited ZnSe p-sphere
nanoquenchers for the development of a fluorescent aptasensor for the detection of ochra-
toxin A. Fluorescence results confirmed that ZnSe p-spheres had maximum quenching
efficiency as compared to other types of synthesized ZnSe nanostructures, because of their
highly negative surface charge and large size. Highly dispersive, stable and negatively
charged ZnSe p-spheres exhibited strong interaction with cationic Rh-B dye. Similarly,
amino-modified OTA aptamer also strongly interacted with ZnSe p-spheres. Exploiting
these interactions, a ZnSe-p-sphere-based fluorescent aptasensor was successfully fabri-
cated for the detection of ochratoxin A. The proposed OTA aptasensor demonstrated a
low detection limit of 0.07 ng/L with an excellent wide linear range of 0.1 to 200 ng/L.
Moreover, we also evaluated the practical applicability of the developed aptasensor by
checking its response towards common interfering mycotoxins and found negligible re-
sponse. Similarly, real sample analysis was also performed using spiked rice samples,
which showed satisfactory recovery percentages. Overall, the current study has paved
a way for ZnSe-nanostructure-based fluorescent sensors for the detection of different
biomolecular targets.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/bios12100844 /s1, “Instruments and reagents” section, Figure S1:
Optimization of Rh-B dye concentration (10-250 ng/L) for the development of ZnSe nanostructures
based aptasensor, Table S1: The crystalline size of nanoparticles calculated using Scherrer and strain
by applying Williamson-Hall plot, Table S2: Comparison of some recent nanostructured based
fluorescent sensors for OTA detection. References [35,39-46] are cited in Supplementary Materials.
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Abstract: This study describes a quencher-free fluorescent aptasensor for ochratoxin A (OTA) de-
tection using the specific quenching ability of guanine for fluorescein (FAM) molecules based on
photo-induced electron transfer (PIET). In this strategy, OTA is detected by monitoring the fluores-
cence change induced by the conformational change of the aptamer after target binding. A new
shorter OTA aptamer compromising three guanine bases at the 5’ end was used in this study. This
new aptamer, named G3-OTAaptl-FAM (F1), was labeled with FAM on the 3’ end as a fluorophore.
In order to increase the binding affinity of the aptamer and OTA, G3-OTAapt2-FAM (F2) was de-
signed; this added a pair of complementary bases at the end compared with F1. To prevent the
strong self-quenching of F2, a complementary chain, A13, was added. Although the F1 aptasensor
was simpler to implement, the sensitivity of the F2 aptasensor with A13 was better than that of F1.
The proposed F1 and F2 sensors can detect OTA with a concentration as low as 0.69 nmol/L and
0.36 nmol/L, respectively.

Keywords: aptasensor; quencher-free; photo-induced electron transfer; guanine-quenching fluorescence;
ochratoxin A

1. Introduction

Aptamers are folded nucleic acid sequences with a single-stranded DNA or RNA
structure, designed from 25 to 60 base pairs. They are selected via an in vitro process
called the systematic evolution of ligands by exponential enrichment (SELEX) from an
extensive random library with desirable properties. The sequence variation allows for
the display of many structural arrangements; therefore, aptamers can form secondary
structures that specifically bind to some targets, such as small molecules, proteins, amino
acids, cells, and tissues, with a high affinity [1]. Aptamers are characterized by a target-
induced conformational change that folds into stable three-dimensional structures, such
as a hairpin, pseudo-knot, and G-quadruplex [2]. Aptamers have been identified as a
promising alternative to replace antibodies because of their similar recognition function [3].
In addition, aptamers are superior because they offer several advantages over antibodies,
which include easy modification, high affinity, and stable thermal and chemical stabil-
ity. In addition, aptamers are selected by in vitro techniques, independent of animals or
cells, which contribute to their low-cost production [4,5]. These make them a promising
molecular receptor in bioanalytical applications [3]. Based on the outstanding merits of
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aptamers, many aptasensors have been developed for different applications, such as electro-
chemistry [6,7], fluorescence [7,8], chemiluminescence [6,9], and colorimetry [6,7,10] assay
approaches. Fluorescence-based aptasensors have attracted plenty of attention because
they possess various advantages, including a convenient operation, quick response, and
good reproducibility [11,12]. Nevertheless, the challenge for fluorescence methods is the
high cost of labeling aptamers with the fluorophore and quencher.

Guanine is an excellent quenching group for quencher-free aptasensors. Oligonu-
cleotides rich in guanines have been employed as sensing elements in various biosen-
sors over the past few years [13]. Guanine is the most oxidizable base; this base-dye
interaction is believed to be caused by the photo-induced electron transfer (PIET) mecha-
nism [14,15]. Thus, the fluorescence of the fluorophore can be quenched by the neighboring
guanine [13,16]. Recently, DNA, RNA, and metal ions analyses have emerged, based on
PIET, between fluorophore and guanine bases [13,16,17]. For these methods, guanine is
used as a quencher for FAM, which avoids employing quencher unit binding to the oligonu-
cleotide, such as hemin or porphyrin. Conjugating an organic fluorescence quenching
group such as BHQ1 (black hole quencher 1) or TAMRA for fluorescence detection increases
the complexity of the detection method, and significantly increases the cost of testing [18].
Guanine is a low-cost and effective quencher for FAM. Moreover, guanines can be easily
added to the aptamer sequence without the complex conjugations required for organic
quenchers. Therefore, we tried to use this strategy to detect highly toxic small molecules,
which are challenging to detect with a high sensitivity.

Ochratoxin A (OTA) is a mycotoxin that is considered a human carcinogen by the
International Agency for Research on Cancer (IARC) [4]. OTA is found in various food-
stuffs, including grains, coffee, wine, and beer. Certain fungal species produce ochratox-
ins as a secondary metabolite, such as Aspergillus ochraceus, Aspergillus carbonarius, and
Penicillium verrucosum. Because of the extensive existence and chemically stable properties
of OTA (even surviving at high temperatures and boiling), it is tough to eradicate from
the food chain. Hence, the accumulation of OTA in the human body causes a potential
threat to human health. Therefore, specific regulatory bodies have set strict food and feed
regulations regarding the OTA content. The European Commission has stipulated that the
maximum content of OTA is 2 pg/kg in grape juice or wine and 5 pg/kg and 10 ug/kg in
raw grains and soluble coffee, respectively [19,20]. Therefore, it is essential to develop a
new approach to detect OTA in a highly efficiency and low-cost manner. The application
of aptamers has brought hope to this expectation. In 2008, Cruz-Aguado selected the first
OTA aptamer for OTA detection [21]; since then, this aptamer has been widely used to
construct many biosensors [11,22-24]. Among these, fluorescence aptasensors are the sim-
plest, easiest to operate, and are extremely sensitive. Therefore, we have taken advantage
of the excellent properties of aptamers, together with the quenching ability of guanine, to
develop a fluorescence aptasensor for OTA detection using guanine as a quencher. For this
purpose, a new aptamer with a blunt end was used on the platform. FAM as a fluorophore
was labeled on the 3’ end of the new aptamer, and three guanine bases as a quencher
were extended at the 5’ end (named G3-OTAapt1-FAM (F1)). In order to increase the
binding affinity of the aptamer and OTA, a new aptamer called G3-OTAapt2-FAM (F2) was
designed, which added a pair of complementary bases at the end of F1. When the target
molecule OTA is present, the aptamer forms a recognition structure. It places FAM closer
to the protruding guanines, leading it to be quenched by the guanines. As a result, OTA
can be detected quantitatively through fluorescence quenching.

In this study, based on the quenching ability of guanine, we developed a fluorescence
analysis method for OTA detection that is highly sensitive, and has a high throughput and
low cost.
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2. Experimental
2.1. Reagents and Chemicals

Sodium chloride (NaCl), calcium chloride (CaCl,), and hydrochloric acid (HCI) were
purchased from Sinopharm Chemical Reagent Co., Ltd. (Beijing, China). Tris (hydrox-
ymethyl) carbamate (Tris, C4H;1NOj3) was purchased from BBI Life Sciences (Shanghai,
China). OTA, OchratoxinB (OTB), Aflatoxin B1 (AFB1), Fumonisin B1 (FB1), Deoxyni-
valenol (DON), and Zearalenone (ZEA) were purchased from Sigma-Aldrich (St. Louis,
MO, USA). All of the oligonucleotides (listed in Table 1) were synthesized by Shanghai
Sangon Biotechnology Co., Ltd. (Shanghai, China), and were annealed by heating at 95 °C
for 5 min, and then quickly cooled down to 4 °C and maintaining this for 2.5 min before use.
The ultra-pure water used in the experiment was purified by a Milli-Q system (18.2 M();
Millipore, Bedford, MA, USA). The 96-well micro-plates were purchased from Shanghai
Wohong Biotechnology Co., Ltd. (Shanghai, China).

Table 1. DNA sequences used in this experiment.

Name Complementary Chain Sequence Number of Bases
Apt36F 5'-GGGGATCGGGTGTGGGTGGCGTAAAGGGAGCATC-GGACA-FAM-3/ 39

F1 5'-GGGGATCGGGTGTGGGTGGCGTAAAGGGAGCATC-FAM-3/ 34

F2 5'-GGGGGATCGGGTGTGGGTGGCGTAAAGGGAGCATCC-FAM-3/ 36
F2-Al11 3-TTTCCCTCGTA-5' 11
F2-A12 3-ATTTCCCTCGTA-5' 12
F2-A13 3-CATTTCCCTCGTA-5 13
F2-A14 3-GCATTTCCCTCGTA-5' 14
F2-Al6 3'-CCGCATTTCCCTCGTA-5' 16
F2-A18 3'-CACCGCATTTCCCTCGTA-5' 18

2.2. Instrumentation

All of the fluorescence measurements were performed at room temperature on a Safire
IT multi-detection micro-plate reader (Tecan, Switzerland), with an excitation wavelength
of 483 nm and an emission wavelength of 525 nm. The concentration of the aptamer was
determined using UV absorption spectroscopy by a ReadMax 1900 Absorbance Microplate
Reader (Shanghai Flash Spectrum Biotechnology Co., Ltd., Shanghai, China).

2.3. Experimental Method
2.3.1. Optimization of Reaction Conditions

In order to achieve the best experimental performances, the concentration of Ca*,
the complementary sequence, and the concentration of the complementary chain were
optimized. The optimal concentration of Ca?* was determined by mixing different con-
centrations of Ca2* (0-100 nmol/L) with 20 nmol/L F1, 10 mmol/L Tris-HCI (pH = 8.4),
and 120 mmol/L NaCl in the presence and absence of 50 nmol/L OTA at room temper-
ature. To obtain the best complementary sequence, the calibration curves were obtained
using different complementary sequences (A11-A18) of 60 nmol/L and 20 nmol/L F2
in 10 mmol/L Tris-HCI (pH = 8.4), 120 mmol/L NaCl, and 3 mmol/L CaCl, at room
temperature. To determine the optimal concentration of the complementary sequence, dif-
ferent concentrations of A13 (0-1000 nmol/L) and 20 nmol/L F2 with 10 mmol/L Tris-HCl
(pH = 8.4), 120 mmol /L NaCl, and 3 mmol/L CaCl, were mixed in the presence and ab-
sence of 50 nmol/L of OTA at room temperature. The fluorescence intensity was obtained
using a Safire Il multi-detection microplate reader, and all of the experiments were repeated
three times independently.
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2.3.2. OTA Aptasensing by Fluorescence Aptasensor

The testing solution for the F1 aptasenor was prepared by mixing 100 nmol/L F1 in
a binding buffer (50 mmol/L Tris-HCl buffer solution containing 600 mmol/L NaCl and
15.0 mmol/L CaCly, pH = 8.4), and the F2 aptasensor was prepared by mixing 100 nmol/L
F2 and 300 nmol/L A13 complementary chains in the binding buffer. Then, 80 uL of
OTA with different concentrations was added into 96-well micro-plates. Then, 20 pL of
the testing solution was added to the micro-plates and mixed well to a final volume of
100 pL. Finally, the fluorescence intensity was measured using a Safire II multi-detection
microplate reader after 20 min of incubation. All of the experiments were repeated three
times independently.

2.3.3. Specificity Assay

To verify the specificity of the developed aptasensor, OTB, AFB1, DON, FB1, and
ZEA were used as the control samples. Then, 80 uL of the 62.5 nmol/L OTA solution or
250 nmol/L of the OTB, AFB1, DON, FB1, and ZEA solution was mixed with a 20 uL testing
solution (described in Section 2.3.2) and incubated for 20 min at room temperature. The
fluorescence intensity was determined using a Safire I multi-detection microplate reader,
and all of the experiments were repeated three times independently.

2.3.4. Detection of OTA in Wine Samples

In a standard addition experiment, 1.0 uL, 2.0 uL, and 4.0 uL of 10 umol/L OTA
standard solutions were added to 10 mL of red wine samples, seperately. The spike wine
samples were obtained with 1.0 nmol/L, 2.0 nmol/L, and 4.0 nmol/L of OTA. The samples
were pre-treated using the following process. According to the physical and chemical
properties of OTA, sample pre-treatment was performed using a double liquid—liquid
extraction scheme [25]. The operation process was as follows: 5.0 mL of red wine samples
were mixed with an equal volume of toluene. After complete phase separation, 4.0 mL
of the top organic layer was mixed with equal volumes of the alkaline buffer solution
(10 mmol/L Tris-HCl, pH = 8.4). Then, complete phase separation was allowed. Then,
3.0 mL of the bottom aqueous layer was taken out and mixed with an equal volume of
dichloromethane. Before mixing, the pH of the bottom aqueous layer was adjusted to 3.0
by adding hydrochloric acid. The two phases were allowed complete phase separation,
and the bottom organic layer was collected and mixed with an equal volume of 10 mmol/L
Tris-HCI buffer (pH = 8.4). Finally, after complete phase separation, the top aqueous phase
was taken and used for subsequent analysis by the aptasensor.

Finally, 80 uL of the pre-treated samples were mixed and incubated with 20 uL of the
testing solution (described in Section 2.3.2). The fluorescence intensity was detected by a
Safire II multi-detection microplate reader, and all of the experiments were repeated three
times independently.

3. Results and Discussion
3.1. Principle of OTA Detection

The principle of the proposed fluorescence assay for the detection of OTA is depicted
in Scheme 1. First, the aptasensor was formed using the aptamer selected by Cruz-Aguado,
the FAM was attached at the 3’ end, and three guanines were extended at the 5 end as a
quencher. Unfortunately, no fluorescence quenching was observed, even after increasing
the OTA concentration. The reason for this is likely that the aptamer selected by Cruz-
Aguado has five bases at the 3’ end that are not required for OTA binding, which increases
the distance between the FAM and the quencher. This is consistent with the previous
research results of our group [12]. Therefore, these bases were truncated from the 3" end
of the original aptamer (OTAapt36) to create a new blunt end aptamer. The new aptamer
was labelled with FAM on the 3’ end and extended using three guanine bases at the 5 end,
which was named G3-OTAapt1-FAM (F1).
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Scheme 1. Schematic illustration of the guanine-quenched fluorescence sensing platform F1 biosensor
(A) and F2 + A13 biosensor (B) for the detection of OTA.

For the new aptamer, F1, the presence of OTA caused the aptamer to form a compact
three-dimensional structure (an antiparallel G-quadruplex), making the bases of the two
tails of the aptamer close to each other, forming a hybridization structure [12]. As a result,
FAM fluorescence could be quenched by three unpaired guanines protruding at the 5" end.
The distance between the FAM molecule and guanine bases decreased during this process,
leading to fluorescence quenching by photo-induced electron transfer (PIET).

In order to further increase the binding affinity of the aptamer with OTA and lower
the detection limit, a second aptamer was designed based on the fact that extending the
number of complementary bases could stabilize a double-strand sequence. This aptamer
was designed by adding a pair of G-C complementary bases at the end of the shorter OTA
aptamer (31 bases), which was named G3-OTAapt2-FAM (F2). The F2 sequence has one
more complementary base than F1, making the structure more stable and providing a
higher affinity and quenching efficiency.

To demonstrate the feasibility of our aptasensor, the fluorescence property of the
sensing system was investigated. As shown in Figure 1, no significant fluorescence quench-
ing change was noted after adding OTA when using the original aptamer. This further
validated our previous research results [12], that five bases at the 3’ end widened the
distance between FAM and the quencher, which is not helpful for OTA detection. Thus, five
bases had to be truncated from the 3’ end of the original aptamer (OTAapt36) to create a
blunt end aptamer. As expected, after using the blunt tail aptamer (F1), better results were
obtained. Although F2 was designed for further improvement, no significant fluorescence
intensity change was noted when OTA was present. This was because of the tail chains of
the newly designed aptamer already being hybridized with each other, even in the absence
of OTA. Therefore, complementary chains were introduced into this detection system to
prevent this occurrence. In general, the competition of complementary chains reduces the
performance of the aptasensor, but here, the complementary chain amplifies the response
without reducing the performance of the F2 aptasensor.
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Figure 1. Comparison of the fluorescence intensity of the Fl-based aptasensor and F2-based ap-
tasensor with different OTA concentrations (1 = 3). The concentration of the F1, F2, and OTAapt36
aptamers was 20 nmol /L, and the concentration of A13 was 60 nmol/L. The error bars denote the
standard deviation of the triplicate measurements.

3.2. Optimization of OTA Detection Conditions
3.2.1. Optimization of the Ca?* Concentration

The important parameters were first optimized to obtain the optimal performances
of the two proposed sensors. It is worth noting that the composition and pH of the buffer
directly affect the aptamer structure in the solution. The Tris-HCl buffer is commonly used
in biological experiments because nucleic acids are more stable in this solution, and the
reaction is mild. Hence, Tris-HCl pH 8.4 was chosen to perform the following experiments.
In addition, studies have shown that bivalent ions can shield the negative charge on the
phosphate skeleton of nucleic acids, contributing to the formation of the three-dimensional
recognition structure of the aptamer [19]. The effect of the Ca?* ion concentration on
the change in fluorescence intensity in the presence and absence of OTA was studied. By
increasing the Ca2* concentration, a rapid increase in the fluorescence quenching percentage
((Fo-Fora)/Fo * 100) was observed. The fluorescence quenching reached a maximum at
a concentration of 3.0 mmol/L. Therefore, the 3.0 mmol/L Ca?* ion concentrations were
chosen for the subsequent experiments, and the results are shown in Figure 2.
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Figure 2. (A) Fluorescence intensity of the F1 aptasensor with different concentrations of Ca?*
(0100 mmol/L) in the presence and absence of 50 nmol/L OTA (1 = 3). (B) Quenching percentage
with different concentrations of Ca2* (0-100 mmol/L). The error bars denote the standard deviations
of the triplicate measurements.
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3.2.2. Optimization of the Complementary Sequence and Its Concentration for
F2 Aptasensor

The newly designed F2-based aptasensor shows no significant fluorescence intensity
change when adding different concentrations of OTA. In order to solve this problem, com-
plementary chains were introduced into the system to enhance the fluorescence intensity
of F2. In a competition reaction, there is no doubt that the binding of a competitor to the
aptamer will reduce the affinity of the aptamer for the target, thus increasing the detection
limit of the sensor. Therefore, seven complementary chains were designed to obtain the best
performance of the sensor. The number of bases in the complementary chain influenced
the detection performance of the sensor. The calibration curves of seven complementary
chains are shown in Figure 3A. The maximum values of the fluorescence quenching (FQ-
max) and EC50 of the aptasensors were obtained by fitting the calibration curves with a
four-parameter equation according to origin, as follows

FQmin—FQmax

FO — <A
Q 1+(COTA /ECSO)p

+ FQmax 1)

As shown in Figure 3B, compared with the FQmax for different complementary chains,
the increase in the number of the bases enhanced the fluorescence quenching. The EC50
value represented the strength of the interaction between the aptamer and the target
molecule inhibited by different complementary strands. Hence, the number of bases in
the chain promoted competitiveness, inhibited OTA binding to aptamers, and decreased
the binding constant. Thus, to select the best complementary strand, (FQmax/EC50) was
used to evaluate the sensitivity of the aptasensor, as shown in Figure 3C. The evaluation
value of A13 was significant. Therefore, the sensor constructed with A13 provided a good
aptasensing performance.

The complementary chain with an F2-based aptasensor in the system was in a compet-
itive relationship with OTA, and its concentration directly affected the competitive ability
and detection effect. Therefore, the optimal concentration of the complementary strand
(A13) was determined by measuring the difference in fluorescence intensity in the presence
and absence of OTA. The experiment investigated the fluorescence intensities of F2 with
different concentrations of A13 in 50 nmol/L and 0 nmol/L of OTA. It was observed that
the fluorescence intensity increased with the increase in concentration of A13, as shown in
Figure 3D. As for A13, within a specific concentration range, the difference in fluorescence
intensity between 50 nmol/L and 0 nmol/L of OTA increased with the increase in the
concentration ratio. Accordingly, the fluorescence quenching (Fy-F) also increased with
the rise in the molar concentration ratio of A13/F2. When the molar concentration ratio
was about 3, the fluorescence quenching decreased with the molar concentration ratio.
It is worth noting that the higher concentration of the complementary strand enhanced
hybridization with the aptamer and reduced the fluorescence difference. Therefore, a
complementary chain with a molar concentration ratio of about 3 (60 nmol/L) was selected.
The results are shown in Figure 3E.

3.3. Quantitative Analysis of OTA

Under the optimized conditions, the sensitivity of the proposed aptasensors was
investigated. The sensing performance of the sensor for signal amplification was assessed
by adding different concentrations of OTA. Figure 4A shows the calibration curve for the
quantitative measurement of OTA using an F1-based aptasensor. As shown in the figure, a
linear relationship between the fluorescence quenching (Fo-F) and OTA concentration was
obtained in the range of 0.69 to 8.0 nmol/L. The linear regression equation corresponded to
fluorescence quenching (Fy-F) = 80.9 Cora (nmol/L) — 14.4, with a correlation coefficient
of 0.982. The limit of detection (LOD) was calculated as 0.69 nmol/L, as per the 30 rule.
Figure 4B shows the calibration curve for the quantitative detection of OTA using F2 with an
A13 aptasensor. A linear relationship between the fluorescence and OTA concentration was
observed, ranging from 0.36 to 4.0 nmol/L. The linear regression equation corresponds to

89



Biosensors 2022, 12, 297

EC,, (nmol/L)

Fluorescence Intensity (a.u.)

80

F,-F (a.u)

the fluorescence quenching (Fo-F) = 274.8 Cora (nmol/L) + 6.5, with a correlation coefficient
of 0.998. The limit of detection (LOD) was calculated to be 0.36 nmol/L, as per the 30 rule.
Compared with the performance of the developed detection platforms, the sensitivity of F2
with the A13 aptasensor was 3.4 times that of F1. However, the F1 aptasensor was simpler
to operate.
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Figure 3. (A) Fluorescence quenching (Fy-F) with different concentrations of OTA. (B) EC50 of the
sensor and the maximum values of fluorescence quenching (FQmax) using different complemen-
tary sequences. (C) Sensitivity evaluation of the sensor using different complementary sequences.
(D) Fluorescence intensity with different concentrations of the complementary chain (A13)
(0-1000 nmol/L) in the absence and presence of 50 nmol/L OTA. (E) Fluorescence quenching (Fy-F)
with the ratio of the complementary chain (A13) to aptamer The error bars denote the standard
deviation of the triplicate measurements.
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Figure 4. (A) F1 calibration curve for OTA (n = 3). (B) F2 with complementary chain (A13) calibration
curve for OTA (1 = 3). The inset shows the linearity of the fluorescence quenching (Fy-F) with respect
to the OTA concentrations. The F1 and F2 aptamer, and complementary chain concentrations were
20 nmol/L and 60 nmol/L, respectively. The error bars represent the standard deviation of the
triplicate measurements.

The sensing platform developed here was compared to other previously reported
detection approaches for ochratoxin A (Table 2). As indicated in Table 2, the method
developed here exhibited a lower LOD of 0.36 nmol/L than the techniques using high-
affinity competitive substances such as gold nanoparticles (11.6 nmol/L) [26] and SWNTs
(24.1 nmol/L) [22]. Indeed, the sensitivity of our biosensor was higher than that of the
methods requiring enzyme amplification (10 nmol/L) [4,27] and that of the quencher-free
fluorescence sensors (1.3 nmol/L) [13].

Table 2. Comparison of the analytical performance of the analytical methods for the detection
of OTA.
Method/Material Detection Limit (nmol/L)  Linear Range (nmol/L) Reference
Fluorescence SYBR gold probe and exonuclease I1I 11.6 19.8-2476 [4]
Fluorescence PIET system 1.3 3-300 [13]
Fluorescence single-walled carbon-nanotubes (SWCNTs) 24.1 25-200 [22]
Fluorescence gold nanoparticles 227 25-300 [26]
Colorimetry G-quadruplex DNAzymes 10 10-200 [27]
Electrochemistry polythiophene-3-carboxylic acid 0.31 0.31-12.4 [28]
Quencher-free fluorescence (F1) 0.69 0.69 to 8.0 This work
Quencher-free fluorescence (F2 with A13) 0.36 0.36 to 4.0 This work

3.4. Specificity Analysis and Application to Real Samples

The specificity of the constructed aptasensor for OTA was tested in a real sample.
In addition, the system was applied to detect other common analogs, including OTB,
AFB1, DON, FB1, and ZEA. The relevant detection process has been described in various
reports [25]. The detection results are shown in Figure 5. The fluorescence quenching
of 250 nmol/L of interference was much lower than for 62.5 nmol/L of OTA. These
results demonstrate the excellent specificity and selectivity of the proposed platform for
OTA determination.
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Figure 5. (A) Selectivity of the F1 aptasensor (1 = 3). (B) Selectivity of the F2 with A13 aptasensor
(n = 3). Fluorescence quenching (Fo-F) of 62.5 nmol/L OTA and 250 nmol/L OTB, AFB1, DON, FB1,
and ZEA. The error bars denote the standard deviation of the triplicate measurements.

The applicability of this sensing system for real sample analysis for OTA determination
was conducted by standard addition and recovery analysis in actual red wine samples. The
relevant detection process has been described in various reports [25]. The pre-treatment of
the sample was performed using the scheme of double-liquid-liquid extraction, which was
explicitly designed according to the chemical properties of OTA. OTA is only soluble in the
aqueous phase under alkaline conditions, while it is soluble in the organic phase under
acidic conditions. Therefore, cross-reactivity with interferents and other matrix components
could be overcome in pre-treated red wine samples, even for some molecules with similar
chemical properties to OTA. Therefore, the effective and specific detection of OTA in wine
can be achieved by combining sample pre-treatment and fluorescent aptasensing.

To show the potential applicability and accuracy of the sensing strategy, the recovery
rates were calculated based on three-level concentrations of OTA spiked in red wine
samples. Excellent recoveries were obtained, varying between 88.7% and 107.7% by using
the F1 aptasensor and between 95.7% and 104.3% using the F2 with A13 aptasensor in the
samples spiked with OTA. These results demonstrate that the proposed method could be
applied to OTA detection in real complex samples. The corresponding results are displayed
in Table 3.

Table 3. Detection of OTA in red wine (1 = 3).

Method

Sample

Found (nmol/L) Added (nmol/L) Total Found (nmol/L) Recovery (%)

F1

F1

F1
F2 + A13
F2 + A13
F2 + A13

N Ul W N

Not detected 4.0 3.89 +0.28 97.3
Not detected 2.0 2.15 4+ 0.26 107.7
Not detected 1.0 0.89 +0.13 88.7
Not detected 4.0 3.85 4+ 0.12 96.2
Not detected 2.0 2.09 £+ 0.15 104.3
Not detected 1.0 0.96 + 0.12 95.7

This kit can meet the maximum permissible concentration at 2 ng/kg (corresponding
to 5 nmol/L), as specified in European Commission No. 123/2005 [20]. It also provides
promising potential for portable detection and in-field monitoring of small molecules such
as OTA.

4. Conclusions

To summarize, a rapid and straightforward sensing platform is developed for the
sensitive and selective detection of OTA based on a quencher-free fluorescence approach
by a FAM-labelled aptamer probe. The detection principle relies on the high sensitivity,
specificity, and high affinity between OTA and its aptamer, as well as the quenching ability
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of guanine induced by PIET. By comparing the performances of the two aptasensors, the
sensitivity of F2 with the A13 aptasensor (LOD is 0.36 nmol/L) was better than that of
the F1 aptasensor (LOD is 0.69 nmol/L), while the F1 aptasensor was simpler to perform.
The kits developed here based on the two designed aptasensors can meet the maximum
permissible concentration at 2 pg/kg (corresponding to 5 nmol/L), as specified in European
Commission No. 123/2005 [20]. The proposed strategy provides fast response, low cost,
and high sensitivity and selectivity for OTA detection. It is simple and straightforward.
It also shows good potential to be integrated into portable systems, which will facilitate
on-site mycotoxin screening. In addition, the strategy of using a single-labeled fluorophore
and guanine as a quencher without the necessity for a labeled quencher may be applied to
detect various other targets in different fields, such as in environmental monitoring and
food safety fields.
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Abstract: G-quadruplexes have received significant attention in aptasensing due to their struc-
tural polymorphisms and unique binding properties. In this work, we exploited the fluorescence-
quenching properties of G-quadruplex to develop a simple, fast, and sensitive platform for fluores-
cence detection of ochratoxin A (OTA) and potassium ions (K*) with a label-free fluorophore and
quencher strategy. The quenching ability of G-quadruplex was confirmed during the recognition
process after the formation of the G-quadruplex structure and the quenching of the labeled fluorescein
fluorophore (FAM). The fluorescence-quenching mechanism was studied by introducing specific
ligands of G-quadruplex to enhance the quenching effect, to show that this phenomenon is due to
photo-induced electron transfer. The proposed fluorescence sensor based on G-quadruplex quenching
showed excellent selectivity with a low detection limit of 0.19 nM and 0.24 uM for OTA and K%,
respectively. Moreover, we demonstrated that our detection method enables accurate concentration
determination of real samples with the prospect of practical application. Therefore, G-quadruplexes
can be excellent candidates as quenchers, and the strategy implemented in the study can be extended
to an aptasensor with G-quadruplex.

Keywords: G-quadruplex; label-free; fluorescence aptasensor; photo-induced electron transfer

1. Introduction

DNA is an important molecule responsible for storing and completing genetic informa-
tion. It is well known that DNA can form different conformations under specific conditions,
including single-stranded hairpins, double- or triple-stranded helices, and quadruplex
structures [1-3]. The G-quadruplex is a unique secondary structure of DNA folding from a
single-strand or several strands of DNA sequences rich in guanine with a highly ordered
and diverse structure [4,5]. According to the direction of its DNA strands, it can be divided
into parallel, antiparallel, and mixed structures [6]. The G-quadruplex structure mainly
depends on the length of the DNA sequence, the orientation of the chain and loop, and the
cation nature [7]. G-quadruplex has attracted the attention of relevant researchers, pushing
them to develop various platforms based on G-quadruplex for the analysis and detection
of a variety of substances, including metal ions [8,9], toxins [10-12], nucleic acids [13,14],
and other small molecules.

According to previous reports, the fluorophore can be quenched at an appropriate
distance using nucleotide bases by photo-induced electron transfer (PIET), especially
between guanine bases [15-17]. Since G-quadruplex is a structure with a high accumulation
of guanine and low oxidation potential [18], it can be ideally used as an electron donor.
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Therefore, resonance energy transfer or photo electron transfer may occur between G-
quadruplex and the fluorophore, resulting in significant fluorescence-quenching induced
by G-quadruplex. Previous studies have established the detection of lead and silver
ions using fluorescence-quenching between G-quadruplex and HEX [19]. It has been
demonstrated that the quenching between the G4/hemin complex and fluorescent dyes
can be employed as a logic circuit platform [20]. Unfortunately, the exact mechanism of
fluorescence-quenching caused by the G-quadruplex has not been widely accepted by the
academic community.

Ochratoxin A (OTA) and potassium ions (K*) were used as model analytes to demon-
strate that antiparallel and parallel G-quadruplex structures can act as quenchers for the
label-free fluorescence probe, SYBR Green I (SGI). By replacing SGI with a fluorescent label
FAM (fluorescein), we demonstrated that fluorescence-quenching was not caused by struc-
tural disassembly. However, this phenomenon was caused by the formed G-quadruplexes
during the recognition process. In order to further investigate the quenching mechanism
between G-quadruplex and fluorophore, we studied the fluorescence change in the sys-
tem after the interaction between G-quadruplex and specific ligands of G-quadruplex,
crystal violet (CV) for antiparallel G-quadruplex and hemin for parallel G-quadruplex,
respectively. We found that adding the G-quadruplex specific ligand to the system leads
to the accumulation and attachment of the ligand to the G-quadruplex, thus decreasing
the fluorescence signal intensity. We believe that the fluorescence-quenching ability of the
G-quadruplex is mainly due to PIET. Therefore, based on the excellent quenching ability of
the G-quadruplex, we designed a simple label-free fluorophore and quencher fluorescence
detection platform for OTA and K* with good sensitivity and selectivity.

2. Experimental Section
2.1. Reagents and Chemicals

The sequence forming the antiparallel G-quadruplex is a new aptamer, which trun-
cated five useless bases from the 3’ end of the original OTA aptamer (OTAapt36) to create a
new blunt end aptamer (OTAapt31) [21]. OTA-A9 to OTA-A12 are the sequences to form
a hybrid with an OTA aptamer. The parallel G-quadruplex sequence is 5'-GG GTG GGT
GGG TGG G-3/, called G4. By adding complementary bases to the 3’ and 5" ends of G4, we
obtained a series of sequences with different bases, named G4, 1AG4, 3AG4, 5AG4, 7AG4,
9AG4, 11AG4, 13AG4, and 15AG4 (the parts that can form complementary sequences are
underlined in the list shown in Table S1). The sequence that forms a hybrid with the parallel
aptamer is 5-CCC ACC CAC CCA CCC-3’, designated G4-C15. By shortening the bases at
the 3’ end of C15, we designed a series of sequences with different bases, named G4-C11 to
G4-C15. OTAapt31-FAM and 5AG4-FAM were the antiparallel and parallel G-quadruplex
labeled with fluorescein (FAM) at the 3’ end. The nucleotide sequence is shown in Table S1.

All synthesized oligonucleotides were purchased from Shanghai Sangon Biotechnol-
ogy Co. Ltd. (Shanghai, China). A stock solution of 100 uM for each oligonucleotide
was prepared by dissolving them in ultra-pure water and then diluting the samples to the
required concentrations before use. The concentrations were determined by measuring solu-
tion absorbance at 260 nm by the ReadMax 1900 Absorbance Microplate Reader. DNA stock
solutions were stored at 4 °C before use. Sodium chloride (NaCl), potassium chloride (KCl),
calcium chloride (CaCl,), magnesium chloride (MgCl,), ammonium chloride (NH4Cl), zinc
chloride (ZnCl,), hydrochloric acid (HCI), methanol, Dimethyl sulfoxide (DMSO), Toluene
(C¢H5CH3), and dichloromethane (CH,Cl) were purchased from Sinopharm Chemical
Reagent Co., Ltd. (Beijing, China). Tris (hydroxymethyl) carbamate (Tris, C4H;1NO3), SYBR
Green I (SGI), and Tween 20 were purchased from BBI Life Sciences (Shanghai, China).
Ochratoxin A (OTA), Ochratoxin B (OTB), Aflatoxin B1 (AFB1), Aflatoxin G1 (AFG1), Pat-
ulin, Fumonisin B1 (FB1), Zearalenone (ZEN), Deoxynivalenol (DON), crystal violet (CV),
and hemin were purchased from Sigma-Aldrich (St. Louis, MO, USA). All the chemicals
were at least analytical grade.
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2.2. Apparatus

All solutions were prepared with ultra-pure water from the Millipore Direct-Q Pure
Water Treatment System (Millipore Corporation, Burlington, MA, USA). All fluorescence
measurements were performed at room temperature on a Safire II multi-detection micro-
plate reader (Tecan, Switzerland). The fluorescent groups SGI and FAM provide fluores-
cence in the system. The excitation wavelength was 483 nm, and the emission wavelength
was 525 nm. The UV Absorbance spectra were performed at room temperature on the
ReadMax 1900 Absorbance Microplate Reader (Shanghai Flash Spectrum Biotechnology
Co., Ltd., Shanghai, China).

2.3. Demonstration of the Mechanism of Fluorescence-Quenching

For the antiparallel G-quadruplexes system, different concentrations of OTA were
mixed with 20 nM OTA aptamer (antiparallel G-quadruplex) in 10 mM Tris-HCl buffer
(pH = 8.4) containing 0.3 x SGI, 0.2% Tween 20 and 6.25 mM Ca?*. For parallel G-quadruplexes,
different concentrations of K* were mixed with 20 nM G-quadruplex (parallel) in 10 mM
Tris-HCl buffer (pH = 8.4) with 0.3 x SGI, 0.2% Tween 20. All solutions were incubated at
room temperature for 20 minutes, and the fluorescence intensity was measured using a
Safire II microplate reader. CV (antiparallel structure-specific ligand) and hemin (parallel
structure-specific ligand) were added to the parallel and antiparallel G-quadruplex systems,
and the fluorescence was measured after three minutes of incubation. All experiments were
repeated three times independently.

2.4. Fluorescent Detection of OTA and K*

For OTA, 80 uL of different concentrations of OTA were mixed with 20 pL of 100 nM
aptamer (antiparallel G-quadruplex) in a solution of 10 mM Tris-HCl buffer (pH = 8.4),
with 1.5X SGI, 1.0% Tween 20 and 31.25 mM Ca?*. For K*, 80 uL of different concentrations
of K* were mixed with 20 pL of 100 nM parallel G-quadruplex in 10 mM Tris-HCl buffer
(pH = 8.4), with 1.5x SGI, 1.0% Tween 20. All the test solutions were incubated at room
temperature for 20 minutes, followed by the fluorescence measurement with a Safire II
microplate reader. All experiments were repeated three times independently.

2.5. Specificity of the Aptasensor

To investigate the selectivity of the sensing method, we compared the fluorescence
intensity changes induced by the two sensing systems with potential interfering toxins
and ions, respectively. Under optimized conditions, OTB, AFB1, AFG1, FB1, patulin, ZEA,
and DON were used as interfering substances for OTA detection. In parallel, NH;*, Na™,
Ca%t, Mg2+, Zn%*, and Cd%* were used as interfering substances for K* detection. The
fluorescence intensity change was detected according to the method described in Section 2.4.
All experiments were repeated three times independently.

2.6. Detection of OTA and K* in Real Samples

To verify the feasibility of OTA and K* detection methods in real samples, red wine
(purchased from local supermarkets) and goat serum were used as real samples. In the
spike recovery experiment, 2.0 pL, 4.0 uL, and 8.0 pL of 10 uM OTA standard solution were
added to 10 mL of red wine samples to obtain a series of spiked sample solutions. The
spiked samples were pretreated using the extraction protocol described in our previous
study [21]. The samples after pretreatment were detected according to the method described
in Section 2.4, and the fluorescence intensity was recorded. Goat serum samples were
diluted 1000-fold with Tris-HCI buffer (10 mM, pH 8.4). The corresponding concentrations
of goat serum samples were calculated from the calibration curve and compared with the
atomic absorption spectrometry (AAS) measurements. All experiments were repeated five
times independently.
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3. Results and Discussion
3.1. The Principle of Fluorescence Detection of OTA and Potassium Ions Based on
G-Quadruplex Quenching

Scheme 1 illustrates the principle of the proposed platform for the detection of OTA
and K*. In solution, the fluorescent dye SGI in the free state can only emit weak fluorescence,
but the fluorescence is significantly enhanced when SGI binds to double-stranded DNA.
The complementary sequences at the 5" and 3’ ends of the designed DNA sequence will
hybridize, hence the intercalation of SGI into the duplex helix, resulting in fluorescence. The
PIET process can occur between the G-quadruplex and the fluorescent dye embedded in the
duplex helix under the induction of the target, resulting in a clear fluorescence-quenching
phenomenon. Therefore, based on this principle, OTA and K* can be quantitatively moni-
tored in the solution. For an antiparallel G-quadruplex, we designed a new aptamer that
truncated five useless bases from the 3’ end of the original OTA aptamer (OTAapt36) to
create a new blunt end aptamer (OTAapt31) [21], which can effectively shorten the distance
between fluorophore and quencher, enabling a detection that could not be achieved before.
As shown in Figure 1A, it was observed that the system exhibited a significant fluorescence
intensity at 525 nm in the absence of OTA, which was attributed to the binding of SGI to the
duplex helix strand. The oligonucleotides originally in the random coil state were induced
to form an antiparallel G-quadruplex structure by adding OTA. The increased number of
the formed G-quadruplex structures leads to a more profound PIET phenomenon between
the G-quadruplex and the intercalated SGI, where the fluorescence-quenching phenomenon
is also more significant. For parallel G-quadruplexes, we designed oligonucleotides that
can be induced to form parallel structures by K*. It can be easily seen that the parallel
structure G-quadruplex formed under the induction of K* has a specific quenching effect
on the fluorescent dye embedded in the double-strand (Figure 1B).

A

l OTA aptamer * SGI fluorescence on

5- GGATCGGGTGTGGGTGGCGTAAAGGGAGCATCC-3"

1 K* aptamer

5-AAAAAGGGTGGGTGGGTGGGTTTTT-3 793 oA @ X

M SGI fluorescence off

Scheme 1. Schematic illustration of fluorescent aptasensors based on G-quadruplex quenching ability
(A) for the detection of OTA (B) for the detection of K*.
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Figure 1. (A) Fluorescence emission spectra of unlabeled fluorescence antiparallel G-quadruplex
with different concentrations of OTA (0, 0.48, 0.96, 1.95, 3.9, 7.8,15.6, 31.2, 72.5, 125, 250, 500 nM),
(B) Fluorescence emission spectra of unlabeled fluorescence parallel G-quadruplex with different
concentrations of K* (0, 0.48, 0.96, 1.95, 3.9, 7.8,15.6, 31.2, 72.5, 125, 250, 500 uM).

3.2. Discussion on the Fluorescence-Quenching Mechanism

Considering that the SGI escape due to double-strand helix dissociation can also lead
to fluorescence decrease, we investigated using FAM-labeled G-quadruplexes (OTAapt31-
FAM and 5AG4-FAM). We replaced the label-free fluorophore with a labeled fluorophore
(FAM) at the end of the aptamer. FAM has similar fluorescence characteristics to SGI. The
FAM is directly labeled on the nucleic acid chain at a ratio of 1:1, and it does not detach
from the labeled nucleic acid. So, the fluorescence intensity can visually reflect changes
in the environment surrounding the FAM. The target (OTA or K*) induces the aptamer
conformational change to a G-quadruplex structure (antiparallel or parallel). While the
fluorescence intensity was still showing a downward trend with the increase of target (OTA
or K*) concentration (Figure S3). It can be noted that the quenching effect of G-quadruplex
was effective for labeled fluorophore, indicating that the quenching is because of the PIET
mechanism instead of the dissociation of duplex strands.

The fluorescence intensity increased after adding the complementary sequences to the
FAM-labeled antiparallel G-quadruplex system. The results showed that the hybridization
of the complementary strands destroyed the structure of the G-quadruplex (Figure S4),
resulting in the inhibition of fluorescence-quenching. A previous study depicted an ap-
tasensor utilizing guanines as a quencher based on PIET [22]. However, the quencher is
different from the current study. The FAM-labeled aptamers used in this research display
strong fluorescence, although they were rich in guanine (G). With the addition of the
target, the G-rich sequence formed a G-quadruplex to quench FAM. Taken together, this
further confirms and verifies that the presence of the G-quadruplex is responsible for the
quenching phenomenon.

The fluorescence-quenching mechanism can be divided into dynamic quenching and
static quenching. The static quenching depends on forming a non-fluorescent ground state
complex between the fluorescent molecule and the quencher [23], which is reflected in the
absorption spectrum change of the fluorophore. However, the position and intensity of
the absorption peak of the fluorescent molecules do not change in the presence of the G-
quadruplex. The dynamic quenching comprises energy transfer [24] or electron transfer [25],
which changes only the excitation spectrum of the fluorophore but not its absorption
spectrum. The prerequisite for the occurrence of fluorescence resonance energy transfer is
that both the fluorescent donor and acceptor molecules can fluoresce [26]. However, the
G-quadruplex absorbs approximately 260 nm and shows very low fluorescence quantum
yields [27].

In order to confirm the basic principle of the fluorescence-quenching of G-quadruplexes,
we introduced the ligands of G-quadruplex, crystal violet (CV) for antiparallel G-quadruplex,
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and hemin for parallel G-quadruplex. Both complexes have a larger 7-plane structure, and
the binding sites of the complex and the G-quadruplex are on the outer G-tetrad.

CV is a triphenylmethane dye, and the fluorescence of CV bound to G-quadruplex with
an antiparallel structure was significantly higher than that of G-quadruplex with a parallel
structure in solution because the end loops of the antiparallel structure protect the bound CV
from the solvent. It has been shown that the binding of the antiparallel G-quadruplexes to
CV usually occurs in the outer G-quadrant [28]. Therefore, the principle of the verification
process is shown in Scheme 2A,B, and the results are shown in Figure 2A,B. After the
combination of CV with the antiparallel-G quadruplex, the fluorescence in the system
was more significantly quenched. These results indicate that introducing CV increases
the electron cloud density of the formed G-quadruplex/CV complex, and electrons are
more easily transitioned from the G-quadruplex to the ground state positions released
by the fluorophore. As a result, it is difficult for the electrons in the excited state of the
fluorophore to return to the ground state, which manifests as a substantial decrease in the
overall fluorescence intensity.

o

L)L)

%— OTA aptamer
*ﬂuorescenceon * oA @ «x

5’- GGATCGGGTGTGGGTGGCGTAAAGGGAGCATCC-3"

M fluorescence off
»
K* aptamer A cv @ temin

5-AAAAAGGGTGGGTGGGTGGGTTTTT-3’

fluorescence off further

Scheme 2. Schematic illustration of verifying the G-quadruplex quenching mechanism with the
ligands of G-quadruplex (A) Antiparallel G-quadruplex unlabeled (B) Antiparallel G-quadruplex
FAM-labeled (C) Parallel G-quadruplex unlabeled (D) Parallel G-quadruplex FAM-labeled.

For the parallel G-quadruplex system, we explored the mechanism of fluorophore
quenching by introducing hemin, one of the common G-quadruplex ligands which bind
to the parallel G-quadruplex with strong affinity. The parallel G-quadruplex and hemin
binding usually occurs at the 3’end of G-tetrad [29]. The principle of the verification
process is shown in Scheme 2C,D, and the results are shown in Figure 2C,D. After adding
hemin, the quenching phenomenon of fluorescence is more significant. This phenomenon
can be attributed to the G-quadruplex/hemin complex, which provides more electrons.
These electrons occupy the ground state position of the fluorophore, and more electrons
in the fluorophore are excited, which is manifested in a substantial decrease in the overall
fluorescence intensity.

The results demonstrate that the ligands add to an antiparallel or parallel G-quadruplex
structure induce an increase in the electron cloud density of the structure, thus exhibiting
a dramatic quenching of fluorescence. Moreover, we can confirm that the quenching of
the fluorophore by the G-quadruplex was mainly caused by electron transfer. When the
electrons of the fluorophore jump from the ground state to the excited state, the electrons of
the G-quadruplex occupy the ground state of the fluorophore, and it will be difficult for the
electrons of the fluorophore to return to the ground state, resulting in fluorescence quenching.
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Figure 2. (A) Changes of SGI fluorescence response curves of antiparallel G-quadruplexes before
and after adding CV at different OTA concentrations (B) Changes of FAM fluorescence response
curves of antiparallel G-quadruplexes before and after adding CV at different OTA concentrations.
(C) Changes of SGI fluorescence response curves of parallel G-quadruplexes before and after adding
Hemin at different K* concentrations (D) Changes of FAM fluorescence response curves of parallel G-
quadruplexes before and after adding Hemin at different K* concentrations. The error bar represents
the standard deviations of the three parallel experiments.

3.3. G-Quadruplex-Based Label-Free and Quencher-Free Fluorescence Detection Platform for OTA
and K*

Based on the quenching effect of G-quadruplex on the fluorophore, we constructed
an ultrasensitive detection platform with a label-free fluorophore and quencher, with
no complementary strands. The sensitive detection platform allows the highly sensitive
determination of OTA and K*. Considering the simplicity and practicality of the detection
process, we achieved the detection of OTA and K* using an antiparallel G-quadruplex
(OTAapt31) and parallel G-quadruplex (5AG4). The results are shown in Figure 3.
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Figure 3. (A) Calibration curve for OTA. The inset shows the linear relationship between the fluo-
rescence intensity and the concentration of the OTA (B) Calibration curve for K*. The inset shows
the linear relationship between the fluorescence intensity and the concentration of K*. The error bar
represents the standard deviations of the three parallel experiments.
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The linear range of the OTA sensor was from 0.19 to 15.63 nM, and the limit of detection
(LOD) was 0.19 nM; the linear equation was F = 7174.24 — 65.42 Cota (nM), with a linear
correlation coefficient of 0.987. The linear range of the K* sensor was from 0.24 to 15.63 uM,
and the LOD was 0.24 uM; the linear equation was F = 8130.76 — 214.47 Cx* (uM), with
a linear correlation coefficient of 0.996. The performance of our bioassay was compared
with previously reported sensors. As shown in Table S2, the detection performance of our
method was comparable to that reported in most of the other studies. Our method adopts
a non-competitive strategy, so the detection limit is one order of magnitude lower than that
of the competitive strategy [22] and comparable to methods of enzymatic amplification
strategies [30,31]. Therefore, it can be concluded that our assay technique may provide a
simple, fast, and cost-effective method for sensitive quantification.

3.4. Specificity of the Aptasensor

The selectivity of the sensing method was evaluated by monitoring the fluorescence
response of the sensing system in the presence of common analogs, metal ions, or toxins.
For the antiparallel G-quadruplex system, we replace OTA with OTB, AFB1, AFG1, FB1,
Patulin, ZEA, and DON; for the parallel G-quadruplex system, we replace K* with NH,™,
Na*, Ca?*, Mg?*, Zn?*, Cd?*.

As shown in Figure 4A, the sensor has no apparent response to OTB, AFB1, AFG1,
FB1, patulin, ZEA, and DON, demonstrating the specificity of the bioassay. The results
in Figure 4B also show that compared with K*, other metal ions cannot produce strong
fluorescence response signal changes, proving that this fluorescence detection platform
has high selectivity for K* sensing. The parallel G-quadruplex has a channel in its center
with a diameter close to the ionic radius of K* (1.3 A) [32]. By binding to the eight carbonyl
oxygen atoms of the G-quadruplex, K* can be located in the cavity between two adjacent
G-tetrads of the G-quadruplex. Of all the alkali metal cations, this coordination contributes
to the highest efficiency of K* in stabilizing the G-quadruplex, which confers selectivity of
the G-quadruplex DNA for K* [33].
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Figure 4. (A) Selectivity performance of sensing system for OTA detection with the addition of OTB,
AFB1, AFG1, Patulin, FB1, ZEN, and DON to the solution. The concentration of ions is 62.5 nM.
(B) Selectivity performance of sensing system for K* detection with the addition of NH,*, Na*, Ca?*,
Mg2+, 7Zn%*, and Cd%*ions to the solution. The concentration of toxins is 62.5 uM. The fluorescence-
quenching is the difference between response and blank. The error bar represents the standard
deviations of the three parallel experiments.

3.5. Practical Application

To evaluate the practical application of the proposed fluorescence system, the method
was applied in the detection of OTA in red wine and K* in sheep serum, respectively. The
standard addition recovery experiment determined the OTA in the red wine sample. The
spiked samples were pretreated using the extraction protocol described in our previous
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study [21]. The samples after pretreatment were detected according to the method described
in Section 2.4, and the fluorescence intensity was recorded. As shown in Table 1, the
standard addition recovery rate of different concentrations of OTA was between 97.75% and
103.25%, showing that the method was reliable for detecting OTA in the red wine samples.

Table 1. Recovery experiments of OTA determination in red wine samples.

Sample Number Added (nM) Detected (nM) Recovery (%)
1 2.00 1.98 £0.53 99.00
2 4.00 413 £0.35 103.25
3 8.00 7.82 £0.62 97.75

Goat serum samples were diluted 1000-fold with Tris-HCl buffer, and then the K* con-
centration was calculated according to the linear correction equation. The results showed
that the K* concentration measured by this method was 6.54 4= 0.41 mmol/L (RSD = 2.1%,
n =5). The goat serum sample was determined by atomic absorption spectrometry and
the K* concentration obtained was 6.41 £ 0.54 mmol/L (RSD = 2.8%, n = 5). Comparing
the two sets of data, we can conclude that the measured values are in good agreement
with the standard values, showing that this method can be used to detect K* concentration
in serum.

4. Conclusions

In this study, we demonstrate that the fluorescence-quenching effect of G-quadruplex
is based on the PIET principle. We introduced specific ligands for G-quadruplex leading
to a further quenching and confirmed the mechanism of fluorescence-quenching of G-
quadruplex based on PIET. A simple label-free fluorophore and quencher fluorescence
platform was established and applied to detect OTA and K* based on the high fluorescence-
quenching ability of G-quadruplexes. In the presence of OTA or K*, the nucleic acid
probe folds to form a G-quadruplex structure, leading to the fluorescence-quenching of
the fluorophore. Besides the high sensitivity, the sensing system exhibits good selectivity
and practical detection capability. Our method adopts a non-competitive strategy, so the
detection limits were lower than that of the competitive strategy and even comparable to
some methods of enzymatic amplification strategies. Consequently, G-quadruplexes can
be excellent candidates as quenchers, and the strategy implemented in the study can be
extended to an aptasensor with G-quadruplex.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /bios12060423 /s1, Figure S1: Optimization of the SGI and Ca*
concentration; Figure S2: Optimization of Ca>* and the complementary sequence (A14) concentration;
Figure S3: (A) Fluorescence emission spectra of FAM labeled fluorescence antiparallel G-quadruplex
with different concentrations of OTA, (B) Fluorescence emission spectra of FAM labeled fluorescence
parallel G-quadruplex with different concentrations of K*; Figure S4: Fluorescence response curve of
OTAapt31-FAM with different complementary sequence and different concentrations of OTA; Figure
S5: Fluorescence response curve of different sequences of parallel G-quadruplexes (unlabeled) under
different concentrations of K*; Table S1: Sequences of the different constructs used in this study and
their ICs; Table S2: Comparison of different methods for OTA and K* Determination.
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Abstract: Kelp and laver are large economic macroalgae in China, which are rich in nutrients,
especially Mn and Zn. Excessive intake of Mn and Zn can be harmful to the human body. Therefore,
it is necessary to develop a convenient and efficient method to detect the contents of Mn and Zn in
macroalgae. In this experiment, red carbon dots (R-CDs) doped with N and S elements were prepared
by the thermal solvent method. The obtained R-CDs displayed excitation wavelength-independent
fluorescent emission in the red spectral region. The R-CDs were used to construct a fluorescent probe
for specific recognition of Mn?* and Zn?*, achieving high-sensitivity detection of Mn?* and Zn?*.
The detection results showed a good linear relationship between fluorescence intensity and Mn>*
concentration, and the calculated detection limit was 0.23 nmol/L. For the detection of Zn?*, the
detection limit was estimated as 19.1 nmol/L. At the same time, the content distribution of Mn and
Zn elements in macroalgae produced in Fujian was investigated by the constructed fluorescence
probe. It was found that kelp, laver, and their products are rich in Mn and Zn elements, and the
content of Mn and Zn elements in laver is higher than that in kelp, which can be used as the optimal
food supplement for Mn and Zn elements.

Keywords: red carbon dots; manganese ion; zinc ion; fluorescence; macroalgae

1. Introduction

China is rich in seaweed resources, among which macroalgae are abundant in various
nutrients necessary for the human body and have important economic value. Macroalgae
have a strong adsorption capacity for heavy metals. The heavy metal content in all kinds
of macroalgae is higher than that of water, and the enrichment coefficient of heavy metal
elements varies from several times to hundreds of thousands of times [1]. Thus, macroalgae
can be used not only as large nutrient reservoirs, but also as research samples for heavy
metal pollution investigations. Through previous investigations, it has been found that
the contents of Mn and Zn in macroalgae are very high. Mn and Zn, as essential elements,
are of great significance to various physiological activities of the human body. However,
excessive intake of Mn [2] and Zn [3] will also cause harm to the human body. Therefore, it
is necessary and meaningful to establish a convenient analysis method for the detection of
Mn?* and Zn?* in macroalgae.

So far, many analytical methods such as atomic absorption spectrometry (AAS), in-
ductively coupled plasma mass spectrometry (ICP-MS), and electrochemistry have been
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applied to the detection of Mn2?* and Zn**. However, these traditional detection methods
all have the defects of complex operation and slow response time, and it is urgent to
develop a method that is convenient to operate and quickly detect target elements. The
fluorescent probe has attracted much attention because of its advantages of good selectivity,
convenience, easy pretreatment, live-cell imaging use [4,5], and rapid detection of a variety
of metal ions. At present, fluorescence probes commonly used in the detection of metal ions
include organic small molecules, metal-organic frameworks (MOFs), aptamers, and nano-
materials. Organic fluorescent molecules, such as rhodamine, coumarin, naphthalimide,
benzothiazole, pyridine, and other typical fluorescent groups, have been widely used in
the detection of metal ions in food. Yu et al. [6] designed a new coumarin-based ratiometric
fluorescent probe using dithiothreitol as the recognition receptor for Hg?* detection based
on the change in the color of the fluorescent probe from light yellow to orange. Zhou
et al. [7] designed and synthesized a novel fluorescence sensor based on fluoropyrrole
and carboxyl mercaptan metal-bonded receptors for the detection of Hg?*. The sensor
was highly selective for Hg2+, the detection limit of ng+ was 5.7 nM, and the sensor
responded quickly to Hg?* in aqueous solution in 30 s. However, poor solubility, serious
photobleaching, poor bioavailability, and narrow excitation of these organic fluorescent
dyes greatly limit detection and sensing. MOFs are hybrid crystalline porous materials,
usually composed of inorganic nodes (metal ions or metal clusters) [8] and functional
organic linkers [9,10]. However, due to the instability of many MOF materials in water [11],
most current MOF-based fluorescence sensing research on metal ions is carried out in
organic solvents, which are not suitable for the practical application of detection probes.

Carbon dots (CDs) have many advantages compared with traditional fluorescent
materials, such as unique optical properties, excellent biocompatibility, excellent water
dispersibility, low cost, high sensitivity, and easy surface functionalization [12,13]. These
advantages make it possible to have great potential application in biomedical imaging and
sensing [14], tumor therapy [15], light-emitting devices [16,17], and other fields. Much re-
search has been conducted to synthesize CDs using chemicals [18] or natural products [19]
as carbon sources. Xu et al. [20] reported a facile method to prepare copper-doped carbon
dots (Cu-CDs) using citric acid and cuprous chloride as precursors under hydrothermal
conditions, which showed strong luminescence performance at 440 nm and with 9.81% pho-
toluminescence quantum yield. Cu-CDs with a detection limit of 1 nM can be used for the
rapid detection of Fe>*, and can be further applied to the detection of Fe>* in human serum.
Liu et al. [21] reported that Bombyx mori silk was used as a raw material in the coupling of
citric acid to prepare nitrogen-doped CDs using a facile one-step hydrothermal route. The
as-prepared nitrogen-doped CDs emitted blue fluorescence with a quantum yield of 61.1%,
which can easily bind with Fe3* as a consequence of fluorescence quenching, making a
method for Fe3* detection developed with high selectivity and sensitivity. He et al. [22]
developed a hydrothermal method to synthesize an*-doped carbon quantum dots (Zn-
CQDs) using zinc citrate chelate, with a fluorescence quantum yield of 48%. Zn-CQDs have
stronger fluorescence sensing ability for Fe** and Hg?*. They can be used in the fields of
fluorescence sensors, biological imaging, photoelectronics, and catalysis. However, most of
the CDs that have been synthesized have strong emission in the blue-green electromagnetic
radiation region and weak emission in the red region with a low quantum yield. Due to the
interference of the inherent blue self-fluorescence in the biological matrix, it is necessary
to avoid blue emission during practical sample detection. Because of the low extinction
coefficient of the biological matrix in the red and near-infrared range in biosensing, red
carbon dots (R-CDs) will inevitably show a large signal-to-noise ratio, which is beneficial to
improve the sensitivity and accuracy of practical sample detection. Therefore, fluorescent
biological probes prepared by using R-CDs can not only effectively avoid self-fluorescence
interference, but also have strong penetrability to tissues [23,24], which makes it particularly
important and urgent to prepare an R-CDs-based fluorescence probe.

In this paper, R-CDs with dual-emission properties were prepared by the thermal
solvent method. The surface morphology and photoluminescence characteristics of R-
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CDs were studied. The fluorescence probe was constructed by using the R-CDs with
dual emission to detect Mn2* and Zn?*. Tts detection performance was analyzed. Finally,
the constructed fluorescent probe was used to detect macroalgae produced in Fujian
province, China. The accuracy of the method was verified by flame atomic absorption
spectrometry (FAAS). The content of Mn and Zn elements in kelp (Laminaria Japonica) and
laver (Porphyra haitanensis) samples was analyzed, and the proposed fluorescent probe
could have potential application in dietary guidance and safety assessment.

2. Materials and Methods
2.1. Preparation of R-CDs

The R-CDs were prepared by the thermal solvent method, which can be described
as follows: 0.6804 g reduced glutathione (Macklin, Shanghai, China) and 0.6106 g o-
phenylenediamine (Merck, Darmstadt, Germany) were dissolved in 20 mL of formamide
(Macklin, Shanghai, China) at room temperature. The obtained mixture was transferred
into a Teflon-lined stainless steel autoclave, which was then kept in an air-circulating oven
at 160 °C for 2 h. After the reaction, the autoclave was naturally cooled down to room
temperature. The obtained solution was centrifuged at the speed of 1000 rpm for 20 min to
remove large particles. The upper solution was diluted and dialyzed (molecular weight cut-
off = 1000 Da) against ultrapure water for a week. The purified R-CDs solution was freeze-
dried to obtain dark green powder for characterization. Ultrapure water (DI, >18.25 M()
was prepared by the Millipore Milli-Q Water Purification System (Merck, Billerica, MA,
USA) for the preparation of all solutions in this work.

2.2. Structural Characterization of R-CDs

Fourier transform infrared spectroscopy (FI-IR) was obtained using a VERTEX 80V
FT-IR spectrometer (Bruker, Billerica, MA, USA). FT-IR samples were prepared by mixing
the powders of KBr and R-CDs in a ratio of 1:150. The obtained mixture was made
into tablets. TEM (Shimadzu, Tokyo, Japan) samples were prepared by dropping the
aqueous solution containing R-CDs onto carbon-coated grids and allowing the excess
solvent to evaporate. The structure of the as-prepared R-CDs was characterized by XRD-
6000 (Shimadzu, Tokyo, Japan). The fluorescence measurements were performed with a
fluorescence spectrophotometer RF-5301PC (Shimadzu, Tokyo, Japan). The samples were
excited from 360 to 420 nm, and the emission spectrum in the range of 220 to 900 nm was
measured. The slit width was fixed at 10 nm for emission. The ultraviolet-visible (UV-VIS)
spectra were recorded on a UV-2600 ultraviolet—visible spectrophotometer (Shimadzu,
Tokyo, Japan), with scanning wavelength ranging from 200 nm to 800 nm using a xenon
lamp and a tungsten lamp.

2.3. Signal-Off Detection of Mn?*

For the detection of Mn?*, 1 mL of purified R-CDs solution and varying concentrations
of Mn?* ion standard solution (Macklin, Shanghai, China) were separately added into the
mixture of 980 uL of 0.1 M HEPES buffer solution (Solarbio, Beijing, China). Then, the
mixture was thoroughly shaken and equilibrated at room temperature. The fluorescence
spectra with 420 nm excitation wavelength and 680 nm emission wavelength were recorded
and used for quantitative analysis.

2.4. Ratiometric Detection of Zn>*

For the detection of Zn?*, 1 mL of purified R-CDs solution and varying concentrations
of Zn2* ion standard solution (Macklin, Shanghai, China) were separately added into the
mixture of 980 uL of 0.1 M HEPES buffer solution (Solarbio, Beijing, China). Then, the
mixture was thoroughly shaken and equilibrated at room temperature. The fluorescence
spectra with excitation at 420 nm and emission at 650 nm and 680 nm were recorded and
used for quantitative analysis.

109



Biosensors 2022, 12, 359

2.5. Sample Pretreatment

In this work, 20 different brands of macroalgae samples were purchased from super-
markets and retailers in Fujian province. Four hundred milligrams of the cleaned and dried
samples was ground into powder, added with 5 mL HNOj into the microwave digestion
tank, and digested with an 800 W microwave digestion instrument. The digested sample
was heated up to 140-160 °C to remove excess acid. After cooling to room temperature,
approximately 1 mL of sample solution remained and was transferred to a volumetric flask
with ultrapure water to 25 mL. The sample solution could be diluted with need. Blank
samples were prepared according to the same method without adding macroalgae.

2.6. FAAS Determination

A series of standard concentrations of Mn solution and Zn solution were prepared. The
absorbance is plotted as the function of metal element concentration to obtain a calibration
curve for quantitative analysis. The pretreated sample was placed in FAAS (AA-6300C,
Shimadzu, Tokyo, Japan), and the contents of Mn and Zn elements were detected according
to the test parameters of different elements. Among them, the test parameters for Mn
detection were lamp current 2.0 mA, wavelength 279.5 nm, slit 0.1 nm, negative high
pressure —344 V, air flow 6.0 L-min~!, acetylene flow 1.0 L-min~!. The test parameters for
Zn detection were lamp current 2.0 mA, wavelength 213.9 nm, slit 0.2 nm, negative high
pressure —309 V, air flow 6.0 L-min~!, and acetylene flow 1.0 L-min~!.

3. Results and Discussion
3.1. Photoluminescence Performance of R-CDs

As shown in Figure 1A, the UV-VIS absorption peak of the synthesized CDs absorption
spectrum at 270 nm could be attributed to the 7—7t* transition of the conjugated aromatic
sp2 bonds [25,26]. The absorption spectrum of CDs also displayed several characteristic
absorbing peaks at 395 nm, 420 nm, 640 nm, and 680 nm, which could be attributed to the n—
m* and 7—7t* transitions of the aromatic 7t system containing the C=0, C=N, and C=S bonds,
respectively [27]. These heteratomic groups could form polycyclic aromatic hydrocarbon
or oxygen-containing structures on the surface of CDs. Additionally, the CDs had an
excitation peak at 420 nm and an emission peak at 680 nm. The fluorescence excitation band
of CDs overlapped with its main UV-VIS absorption band, indicating that the emission was
closely related to these absorption bands caused by related structures [28]. The maximum
absorption wavelength of CDs was used as the fluorescence excitation wavelength to obtain
the fluorescence emission spectrum of CDs. Figure 1B shows the emission spectrum of the
dual-emission fluorescence CDs. The quantum yield of R-CDs was calculated to be 13.64%.
Under single-wavelength excitation, there were two maximum emission peaks in the blue
(AEm = 442 nm) and red (Agy, = 680 nm) regions. When the excitation wavelength increases
from 360 nm to 430 nm, the two fluorescence emission peaks do not shift. It was indicated
that the synthesized CDs showed excitation wavelength-independent fluorescent emission.
This characteristic may be related to the surface state or the uniform particle size of CDs,
which can avoid the interference of autoluminescence in application. As Agy increases
from 360 nm to 430 nm, the fluorescence intensity at Agp, 442 nm and 680 nm increases
and then decreases. When Apy = 380 nm, the fluorescence intensity at Agy, = 442 nm is the
strongest. When Agy = 420 nm, the fluorescence intensity at Agp, = 680 nm is the strongest.
Under short-wavelength light excitation, CDs have two characteristic fluorescence emission
peaks in the blue and red regions of the spectrum. These dual-fluorescence bands observed
may be attributed to core- and surface-state emission [29]. Being capable of excitation at
different wavelengths makes the CDs attractive for a variety of applications. In this case,
red fluorescence (Agm = 680 nm) was selected in biological studies to reduce the interference
caused by biomolecules’ self-fluorescence, resulting in minimal light damage and deeper
tissue penetration [30]. Therefore, the red carbon dots (R-CDs) prepared in this work were
used as fluorescent probes for metal element detection.
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Figure 1. UV-visible absorption spectrum (blue), excitation spectrum (red), and emission spectrum
(black) of R-CDs (A); fluorescence emission spectra of R-CDs (B).

3.2. Structural Characterization of R-CDs

The morphology and size of R-CDs were observed by TEM. As can be seen from
Figure 2A, R-CDs showed good dispersion, no agglomeration, and the morphology was
quasi-spherical. The average particle size of R-CDs was estimated as 5.46 + 1.03 nm by
counting the size of more than 100 particles, without any large particles or aggregation.
It was indicated that the reaction process was stable, and no adverse reactions occurred.
Figure 2B shows clear lattice fringes with a spacing of 0.32 nm, corresponding to the 002
crystal plane of graphite carbon, indicating that the material contained a graphite-like
structure [31].

Figure 2. TEM (A) and HRTEM images (B) of R-CDs.

R-CDs were characterized by XRD. As shown in Figure 3A, R-CDs had a wide diffrac-
tion peak at 20 = 26° corresponding to plane 002 of the sp? hybrid ink carbon, which was
consistent with the TEM results [31]. The FT-IR spectrum of R-CDs is shown in Figure 3B.
A wide FT-IR absorption band appeared at 3000~3500 cm !, which was caused by the
stretching vibration of the O-H bond and the N-H bond [24]. Two characteristic absorption
peaks appeared at 1079 cm~! and 1391 cm ™!, which were caused by the stretching vibra-
tion of the C-O bond and the C-N bond. The peak at 1612 cm ™! was caused by the C=0
stretching vibration [32]. The results show that there were abundant functional groups on
the surface of R-CDs, such as amino, hydroxyl, and carboxyl groups, demonstrating the
good hydrophilicity of R-CDs.
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Figure 3. XRD (A) and FT-IR spectra of R-CDs (B).

The XPS spectra were obtained using a GENESIS 60S XPS (EDAX, Warrendale, PA,
USA). Figure S1 shows the full spectrum of XPS. There were four characteristic peaks of
R-CDs, corresponding to the Cls peak at 284.6 eV, the O1s peak at 530.25 eV, the N1s peak
at 398.97 eV, and the S2p peak at 162.1 eV, and the contents of corresponding elements
were 56.56%, 24.67%, 16.12%, and 2.65%, respectively. The results show that N and S can
be doped into R-CDs by changing the composition and proportion of synthetic materials.
Photoelectron spectrum Cls (Figure S2A) shows that C1s was fitted by three peaks located
at 284.82 eV, 288.27 eV, and 286.12 eV, corresponding to C-C/C=C, -COOH, and C-O/C-
N respectively. Photoelectron spectrum Ols (Figure S2B) showed that Ols was fitted
by two peaks, corresponding to 531.37 eV C=0 and 532.87 eV C-OH, respectively. N1s
(Figure S3C) was fitted to obtain four main peaks of 398.52 eV, 399.57 eV, 400.12 eV, and
401.07 eV, corresponding to C=N, pyridine N, pyrrole N, and graphite N, respectively.
The peaks of S2p (Figure S3D) at 161.12 eV and 163.22 eV were attributed to S2p1/2,
S2p1/2, and S2p3/2. Peaks at 163.67 eV and 164.82 eV were classified as -C-SO and
-C-SO,. R-CDs had a conjugated Sp2 domain rich in oxygen/nitrogen surface groups.
Nitrogen could use the unpaired electrons to improve the emission characteristics of R-
CDs. The energy gap regulation in R-CDs also depended on the N and O content. The
oxygen-containing functional groups, particle size, and graphite nitrogen determined the
fluorescence characteristics of R-CDs. Zeta potential showed that the surface potential of R-
CDs was —20 eV, demonstrating a strong negative charge and containing a large number of
oxygen carboxyl groups on the surface. The more carboxyl groups on the surface of R-CDs
or the higher oxidation degree, the R-CDs more easily emitted in the red spectral region.

3.3. Stability of R-CDs

The pH, ionic strength, and UV lamp irradiation were investigated for the study of
R-CDs stability. The pH value affected the emission of R-CDs. As shown in Figure S3, the
fluorescence intensity of R-CDs in acidic solution increased upon enhancing the pH value.
Under the alkaline condition, the red emission spectra can be deconvoluted into two peaks
at 650 nm and 680 nm. As the pH value increased, peak intensity dominated at 650 nm,
and the opposite effect was observed at lower pH. This phenomenon was estimated to be
caused by the chemical properties of surface functional groups of R-CDs that affected their
electronic properties. The pH-dependent fluorescence was associated with protonation of
amino groups, deprotonation of carboxyl groups, or tautomerism of amides. As shown in
Figure S4A, when the concentration of NaCl reached 1 mol/L, the fluorescence intensity
was not significantly affected, indicating that R-CDs had good stability in the high-ionic-
intensity environment. The fluorescence intensity of R-CDs was measured by a fluorescence
spectrophotometer after being irradiated under an excitation UV lamp at 365 nm for 90 min
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(Figure S4B), and it was found that the fluorescence intensity decreased by only about 15%.
This indicated that R-CDs have good photobleaching resistance.

3.4. Photoluminescence Mechanism of R-CDs

As shown in Figure 4A, R-CDs, as fluorescent probes, were synthesized using glu-
tathione and o-phenylenediamine as raw materials and formamide as solvent to detect
metal elements. The incorporation of metal elements into carbon-based nanomaterials
could enhance the conductivity and electrical capacitance. The metal-decorated nanoma-
terials exhibited a saturated absorption process of optical nonlinearity by near-resonant
energy transfer [33]. Therefore, the proposed carbon-based fluorescent probe was applied
to investigate the interaction between carbon dots and Mn?*/Zn?*, and the possible photo-
luminescence mechanism was discussed. The fluorescence spectra of R-CDs and R-CDs
mixed with Mn?* are shown in Figure 4B. It was found that the presence of Mn?* could
effectively quench the fluorescence of R-CDs at 680 nm. The average fluorescence lifetimes
(t) were calculated to be 4.38 ns for R-CDs and 4.37 ns for R-CDs + Mn?*. This indicated
that the fluorescence quenching was caused by the static quenching. This phenomenon
may be related to the coordination of -NH, on the surface of R-CDs and Mn?2*. Electrons
transferred from the excited state of R-CDs to the unfilled orbital of Mn2*, forming a new
electron-hole recombination, which was consistent with a previous report [34]. It can
promote the nonradiative recombination process of excitons through an effective electron
transfer process, and finally quench the fluorescence of R-CDs at 680 nm. The spectra result
of Zn?* mixed with R-CDs showed that the presence of Zn?* led to a newly generated
fluorescence peak at 650 nm and quenching of the fluorescence peak at 680 nm (Figure 4C).
The average fluorescence lifetimes (t) were calculated to be 3.20 ns for R-CDs and 3.25 ns
for R-CDs + Zn?*. The slightly changed lifetime indicated that the fluorescence quench-
ing was caused by the static quenching. The quenching was attributed to the chelation
between Zn>* with nitrogen and oxygen atoms and nonradiative recombination through
the charge transfer [35]. The 30 nm blue shift of R-CDs after adding Zn?* might be due to
the coordination-induced surface passivation [36,37].
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Figure 4. Schematic illustration of the preparation of R-CDs and the application in the detection of
Mn?* and Zn?* (A). Fluorescence spectra of R-CDs (black curve) and R-CDs+Mn?* (red curve) (B).
Fluorescence spectra of R-CDs (black curve) and R-CDs+Zn2* (red curve) (C).
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3.5. Signal-Off Analysis of Mn**

Based on the quenching of R-CDs fluorescence by Mn?*, a method for the rapid detec-
tion of Mn?* in the “signal-off” mode was established. Under the optimal detection condi-
tions (see Supplementary Materials and Figure S5 for details), the fluorescence quenching
ability of R-CDs with different concentrations of Mn?* was investigated. Figure 5A records
the fluorescence spectra of R-CDs when Mn?* with different concentrations (2-50 ng/mL)
was added. It can be seen that the fluorescence intensity at 680 nm was the maximum
when no target element existed. The emission of R-CDs gradually decreased with the
increase in Mn2* concentration, showing a good quenching effect. As shown in Figure 5B,
the fluorescence intensity could be completely quenched when the concentration of Mn?*
exceeded 90 ng/mL. It can be clearly seen that the fluorescence intensity was inversely
proportional to the Mn?* concentration in the range of 1~50 ng/mL, and the linear equation
wasy = —12.296x + 725.44 with R? = 0.999. The detection limit of the method was estimated
to be 0.0127 ng/mL (equivalent to 0.23 nmol/L). In this work, R-CDs were synthesized by
the thermal solvent method at one time. The operation was simple, and the R-CDs surface
was rich in functional groups containing nitrogen and oxygen, so Mn?* can be specifically
detected without additional chemical modification. Compared with other published meth-
ods for Mn?* detection (Table 1), R-CDs-based signal-off analysis of Mn>* showed a lower
detection limit and higher sensitivity.
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Figure 5. Fluorescence responses of the R-CDs upon the addition of different concentrations of Mn2+
(A) and the linear correlation of fluorescence intensity versus the concentrations of Mn?* in the range
from 0 ng/mL to 100 ng/mL (B).
Table 1. Comparison between this method and other methods for the detection of Mn?*.
Detection Method Material LOD Linear Range Ref.
. Mn(II)-1IP/MWCNT-

Electrochemical Chit-IL/GC 0.15 umol/L 2~9 umol/L [38]
Colorimetric Silver nanoparticles 20 nmol/L 0~700 nmol/L [39]
Fluorescence Polymer dot 0.4 umol /L 1.5~100 pmol/L [40]
Fluorescence Silicon nanoparticles 0.2 umol/L 2.5~250 pmol/L [41]
Fluorescence R-CDs 0.23 nmol/L 18.2~910 nmol /L This method

Specificity is also an important factor in the evaluation of the analytical performance
of fluorescent probes. Sixteen interference ions were selected for specificity experiments. A
certain amount of R-CDs solution was mixed with 20 uL of interfering ions (20 ng/mL),
and the changes in fluorescence intensities were recorded under the same conditions. As
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shown in Figure 6, when R-CDs were mixed with other interfering ions, the fluorescence
intensity of the (R-CDs + M"") did not change significantly compared with the fluorescence
intensity of R-CDs. However, when Mn?2* was added to the (R-CDs + M™) mixture, the
fluorescence intensity decreased significantly, which was consistent with the change in
fluorescence intensity of (R-CDs + Mn?Z*). The results show that the fluorescent probe had
good selectivity for Mn?*. Among all kinds of interference ions, Cd** and Zn?* showed
different degrees of interference. In the real macroalgae sample, the content of Mn?* and
Zn%* is much higher than that of Cd?2* [42,43], and the interference caused by Cd?* can
be ignored.

900
B CDs+M"™"

_-E‘ B Cps+M™ +Mn?*
n i
@ 800
[
=
c
=~ 7004
3’3
C o
8 = 600
7]
@
S 500
T8

400-

Noad of 4 o g af f g o oqf mF 2 ool oo 2
o ] > N
o(‘\\.‘qvob;b(‘ooO‘Q\Qo\)v_‘)@\o@@@é%QO ¥
<

Figure 6. Specificity of the fluorescence probe for Mn?* analysis.

3.6. Ratiometric Analysis of Zn>*

Under the optimal detection conditions (see Supplementary Materials and Figure S6 for
details), the fluorescence performance of R-CDs with different concentrations of Zn?* was
investigated. In Figure 7A, the fluorescence spectra of R-CDs with different concentrations
(1-50 ng/mL) of Zn?*) are recorded. The intensity at a wavelength of 680 nm displayed
negligible change at the low concentration range. When the concentration increased
higher than 20 ng/mL, the emission intensity decreased. Meanwhile, it was observed
that the fluorescence intensity at 650 nm increased gradually when the concentration of
7Zn?* increased from 1 ng/mL to 50 ng/mL. As shown in Figure 7B, the fluorescence
intensity change at Agp,, = 650 nm was proportional to the Zn?* concentration in the range
of 1~50 ng/mL, and the linear equation was y = 15.852x + 144.7 with R? = 0.9984. The
detection limit of the method was estimated to be 1.25 ng/mL (equivalent to 19.1 nmol/L).
Compared with other published methods for Zn?* detection (Table 2), R-CDs analysis of
Zn?* shows a lower detection limit and higher sensitivity.

To evaluate the specificity of the fluorescent probe, sixteen interference ions were
selected. A certain amount of R-CDs solution was mixed with 20 uL of interfering ions
(20 ng/mL), and the changes in fluorescence intensities were recorded under the same
conditions. As shown in Figure 8, when R-CDs were mixed with other interfering ions, the
fluorescence intensity of the (R-CDs + M"*) did not change significantly compared with
the fluorescence intensity of R-CDs. However, when Zn?* was added to the (R-CDs + M™)
mixture, the fluorescence intensity increased significantly, which was consistent with the
change of fluorescence intensity of (R-CDs + Zn?*). The results show that the fluorescent
probe had good selectivity for Zn?*.
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Figure 7. Fluorescence responses in the Agy, = 650 nm of the R-CDs upon the addition of different
concentrations of Zn* (A) and linear correlation of fluorescence intensity versus the concentrations
of Zn?* in the range from 1 ng/mL to 50 ng/mL (B).
Table 2. Comparison between this method and other methods for the detection of Zn>*.
Detection Method Material LOD Linear Range Ref.
. Bismuth—nitride
Electrochemical nanocomposites 0.5 ug/L 1~20 ug/L [44]
Fluorescence Lanthanide complexes 1.2 umol/L - [45]
Fluorescence Thlot'lrea based 0.67 umol/L - [46]
chemical sensor
Fluorescence NOYEI fluorescent 26.77 nmol/L - [47]
peptide-based probe
Fluorescence CDs 19.1 nmol/L 1~50 ng/mL This method
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Figure 8. Specificity of the fluorescence probe for sensing Zn>*.

3.7. Detection of Metal Elements in Macroalgae by R-CDs

The content of Mn?* and Zn?* in twenty algal samples was investigated. Sample
Nos. 1-8 were laver, Nos. 9-15 were kelp, and Nos. 16-20 were laver products. The
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R-CDs were used as a fluorescent probe to detect the content of Mn and Zn elements in
the samples. FAAS was applied for verification of the proposed method. The results are
shown in Tables 3 and 4. It was found that the detection results of the R-CDs method were
consistent with that of the national standard method, demonstrating the good accuracy of
the proposed method. The R-CDs could be used as a new detection fluorescence probe to
detect Mn and Zn elements.

Table 3. Comparison of Mn?* content in samples detected by two methods.

No. R-CDs RSD FAAS RSD
1 34.95 5.13% 34.17 1.19%
2 33.59 6.81% 37.32 0.8%
3 30.11 4.30% 29.30 2.36%
4 35.45 2.69% 26.24 1.62%
5 105.96 4.28% 116.46 2.20%
6 30.96 2.98% 33.00 1.12%
7 32.53 3.54% 49.18 3.99%
8 28.90 6.98% 31.00 0.75%
9 41.55 6.90% 45.60 1.13%
10 32.83 7.24% 28.14 3.18%
11 40.84 5.85% 31.05 1.13%
12 19.88 1.88% 23.44 1.40%
13 27.08 3.27% 31.76 2.58%
14 27.64 5.32% 43.35 2.85%
15 48.26 1.06% 46.90 3.57%
16 26.23 6.55% 24.35 3.47%
17 12.11 4.51% 17.68 0.93%
18 10.52 1.14% 10.44 1.95%
19 20.63 7.79% 25.70 4.07%
20 24.36 4.01% 26.29 1.32%

Concentration unit is mg/kg.

Table 4. Comparison of Zn?* content in samples detected by two methods.

No. R-CDs RSD FAAS RSD
1 85.14 3.02% 105.16 6.03%
2 93.76 5.57% 103.95 1.19%
3 69.89 2.64% 65.46 5.55%
4 79.17 10.06% 88.40 1.23%
5 51.71 3.23% 61.10 1.83%
6 47.18 4.39% 70.07 7.16%
7 52.58 4.75% 61.95 3.98%
8 32.72 2.14% 29.74 0.97%
9 49.00 1.51% 48.07 1.20%
10 18.30 0.91% 15.82 4.15%
11 25.83 1.13% 28.92 1.69%
12 33.81 5.79% 31.98 3.68%
13 34.21 1.16% 47.01 1.01%
14 33.79 2.62% 44.01 1.30%
15 30.92 4.01% 28.30 2.76%
16 18.75 3.97% 28.04 6.19%
17 26.22 0.79% 32.27 2.40%
18 27.69 0.23% 19.57 3.25%
19 36.11 4.21% 36.45 2.65%
20 4414 1.36% 49.03 5.34%

Concentration unit is mg/kg.
Based on the results in Tables 3 and 4, it could be concluded that the average content

of Mn?* in laver produced in Fujian was 41.56 mg/kg, and the No. 5 sample produced in
Quanzhou showed the highest content of Mn element of 105.96 mg/kg. The average content
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of Mn2* in kelp was 34.01 mg/kg, and the concentration ranged from 27 to 49 mg/kg. The
average Mn?* content of laver products from Fujian was 37.71 mg/kg. After the deep
processing, the formation process of the product had no great influence on the content
of Mn2+.

The average 7Zn%* content of laver from Fujian was 57.45 mg/kg, and the concentration
ranged from 30 to 94 mg/kg. The average content of Zn?* in kelp was 32.27 mg/kg, and the
concentration ranged from 18 to 50 mg/kg. The average Zn2* content in laver products was
30.58 mg/kg. The Zn?* content of Nos. 1-4 laver raw materials purchased by supermarkets
was higher than that of Nos. 5-8 samples purchased by retailers. The Zn?* content in
laver was decreased after processing. The content of Mn?2* and Zn?* in laver was higher
than that of kelp. The daily Mn?* supply for adults is 2.5 to 5 mg, and the daily Zn**
supply for adults is 15 to 20 mg. Therefore, laver and kelp can be selected as the daily food
supplementing of Mn and Zn.

3.8. Recovery

The No. 18 sample was selected for standard recovery of Mn?* detection. A certain
amount of Mn?* standard solution was added, and the concentrations of samples were
adjusted to 0.4 mg/mL, 2 mg/mL, and 4 mg/mL Mn?*, respectively. The responses were
analyzed by the R-CDs fluorescence probe. The No. 10 sample was selected for standard
recovery of Zn* detection. The results are shown in Tables 5 and 6. The spiked recoveries
of Mn?* were all in the range of 82-120%, with relative standard deviations less than 10%.
The recoveries of Zn?>* ranged from 97% to 120% with standard deviations less than 10%.
The experimental results showed that the R-CDs fluorescence probe had good stability and
accuracy for the detection of Mn?* and Zn2*.

Table 5. Recovery of fluorescent probe detecting Mn?*.

Original

Sample Content Add Scalar Final Content Recovery Recovery Rate RSD
blank 0.002 04 0.4002 0.409~0.432 102.2~107.9% 7.6%
blank 0.002 2 2.002 2.136~2.36 106.7~117.7% 3.5%
blank 0.002 4 4.002 3.30~3.483 82.4~95.7% 9.47%

18 0.168 0.4 0.568 0.558~0.594 98.3~104.6% 2.19%
18 0.168 2 2.168 1.807~2.193 83.3~101.2% 7.0%
18 0.168 4 4.168 4.205~4.393 100.9~105.4% 1.73%
Concentration unit is mg/mL.
Table 6. Recovery of fluorescent probe detecting Zn?*.
Original .

Sample Content Add Scalar Final Content Recovery Recovery Rate RSD
blank 0.0577 04 0.4577 0.461~0.475 100.7~103.7% 1.16%
blank 0.0577 2 2.0577 2.115~2.141 102.9~104.0% 2.01%
blank 0.0577 4 4.0577 3.943~4.120 97.2~101.53% 8.81%

10 0.293 04 0.693 0.734~0.751 106.1~108.4% 2.59%
10 0.293 2 2.293 2.719~2.722 118.5~118.7% 5.28%
10 0.293 4 4.293 4.158~4.201 98.09~99.1% 3.87%

Concentration unit is mg/mL.

4. Conclusions

In this study, R-CDs were prepared by the thermal solvent method. The structure and
properties of the R-CDs were characterized and analyzed. The results showed that the
synthesized R-CDs had excitation wavelength-independent fluorescence emission. Mn?*
and Zn?* were detected by the R-CDs-based fluorescence probes. It was found that there
was a good linear relationship between fluorescence intensity and Mn?* concentration,
with a linear range of 1-50 ng/mL and a measuring limit of 0.23 nmol/L. Meanwhile, the
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fluorescence intensity showed a good linear relationship with the concentration of Zn?*.
The linear range was 1-50 ng/mL, and the detection limit was 19.1 nmol/L. This method
was simple to operate and quick to respond without chemical modification of the probe.
The quantitative determination of Mn?* and Zn?* in macroalgae from Fujian province was
carried out based on the established fluorescence probe method. The experimental results
showed that macroalgae were rich in Mn and Zn elements. It was found that Mn and
Zn contents in laver were higher than that in kelp. Through this work, the distribution
characteristics of the main metal elements in kelp and laver products in the future were
preliminarily understood. It provided basic data for dietary guidance and health evaluation
of kelp and laver to support the value of the macroalgae industry.
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Abstract: A desirable lanthanide-based ratiometric fluorescence probe was designed as a multifunc-
tional nanoplatform for the determination of dipicolinic acid (DPA), a unique bacterial endospore
biomarker, with high selectivity and sensitivity. The carbon dots (CDs) with blue emission wave-
lengths at 470 nm are developed with europium ion (Eu®*) to form Eu*/CDs fluorescent probes.
DPA can specifically combine with Eu®* and then transfer energy from DPA to Eu®* sequentially
through the antenna effect, resulting in a distinct increase in the red fluorescence emission peak at
615 nm. The fluorescence intensity ratio of Eu’*/CDs (fluorescence intensity at 615 nm/fluorescence
intensity at 470 nm) showed good linearity and low detection limit. The developed ratiometric
nanoplatform possesses great potential for application in complex matrices owing to its specificity for
DPA. In addition, the integration of a smartphone with the Color Picker APP installed enabled point-
of-care testing (POCT) with quantitative measurement capabilities, confirming the great potential of
the as-prepared measurement platform for on-site testing.

Keywords: ratiometric; fluorescence; determination of dipicolinic acid; smartphone-based detection

1. Introduction

Inhalation of 10* or more concentration of Bacillus anthracis (B. anthracis) spores can
lead to a mortality of as high as 75%, even within 24 to 48 h of drug treatment [1,2],
indicating that B. anthracis spores poses a serious threat to human health and public
safety [3,4]. Therefore, sensitive and selective determination of B. anthracis spores had
a critical role to play in early clinical diagnosis and preventing disease outbreaks [5,6].
Dipicolinic acid (DPA), making up approximately 5-15% of the dry weight of anthrax spores,
was an extremely important component and major biomarker of anthrax spores [7-10].
Consequently, the level of anthrax spores could be detected and evaluated through the
concentration of DPA. Recently, although considerable strategies for the determination of
DPA had been constructed, including electrochemical assays, Surface-enhanced Raman
spectroscopy (SERS), mass spectrometry (MS), colorimetric methods, etc. [11,12]. These
strategies are usually cumbersome, time-consuming and require large instruments, which
may not be suitable for on-site rapid detection of DPA. In general, fluorescence-based
sensing was a promising optical candidate for addressing the above-mentioned problems
in DPA determination [13-15]. However, the further application of fluorescent probes was
greatly restricted by the shortcomings of their used currently, such as complicated synthesis
processes, poor fluorescence stability and low sensitivity [16].

Lanthanide-based fluorescence nanoprobes had been constructed and employed to the
determination of targeting on account of that special optical properties such as large Stokes
shifts, long fluorescent lifetimes and high fluorescence stability [17-20]. In fluorescence
measurements, DPA acted as a single ligand coordinated with Eu3* or terbium ions (Tb%*)
and then sensitized lanthanide ions emission by transferring excitation energy to the
lanthanide ions by an “antenna effect”, a strategy that can be employed to sensing of
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DPA levels [21,22]. Ratiometric fluorescence detection strategies, recording fluorescence
emission at two different wavelengths, had attracted increasing attention and interest from
researchers because of the increased accuracy and reproducibility of target assays as well
as the reduction of false positive or false negative signal results compared to strategies with
a single emission signal [23-27].

Herein, a desirable ratiometric fluorescence platform was fabricated for the highly
sensitive and selective detection of the B. anthracis biomarker DPA by integrating Eu®* and
CDs (Eu®*/CDs) in Scheme 1. Taking into consideration fully the coordination binding of
DPA to Eu®* in the complex of Eu3*/CDs, the formed complex of Eu®*/DPA then emitted
a red fluorescence while the blue fluorescence of CDs was not changed. Therefore, the
fluorescence ratio (Fg15/F470) of red fluorescence to blue fluorescence as a signal can be
augmented with increasing concentrations of DPA. Furthermore, the developed strategy
was further utilized for the sensitivity detection of DPA in real samples by integrating a
smartphone with Color Picker APP. The ratiometric fluorescence sensing platform based
on Eu®* /CDs fluorescent probes has the ability to rapidly detect DPA in the field and thus
assess the infection level of anthrax spores, which has great potential in food safety and
healthcare.

/N S N\

DPA detection /
—- i

Scheme 1. Llustration of the ratiometric fluorescence sensing for DPA detection.

2. Materials and Methods
2.1. Materials and Reagents

Chemicals including Eu(NOg3)3-6H,0, dipicolinic acid (DPA) were purchased from
Aladdin Reagent Co., Ltd. (Shanghai, China). Polyethylenimine was purchased from Sigma-
Aldrich. Citric acid, glutamic acid (Glu), cysteine (Cys), glutathione (GSH), adenosine
triphosphate (ATP), sodium chloride (KCl), ferric chloride hexahydrate (FeCl3-6H,0),
zinc nitrate (ZnNO3) and nickel chloride hexahydrate (NiCl,-6H,0) were purchased from
Sinopharm Group Chemical Reagent Co., Ltd. Milk was purchased from the local supermarket.

2.2. Preparation of CDs

CDs were synthesized according to reported work [28]. First, the citric acid and
polyethylenimine was dissolved in 10 mL DI water under stirring. Then, the mixture solu-
tion was poured into a poly(p-phenol)-lined stainless-steel autoclave and heated at 200 °C
for 5 h. After that, the obtained solution was dialyzed to remove unreacted impurities.
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2.3. Determination of DPA with Eu*/CDs Sensing System

To determine the optimal incubation time, the DPA (100 M) was incubated and stirred
with Eu®* /CDs in Phosphate Buffer (PB) (10 mM, pH = 7.5) for different minutes (1-20 min)
at 25 °C. Then, the fluorescence intensity of the sensing system was recorded by fluorescence
spectrometry at 285 nm excitation. Similarly, only the incubation temperature (25-55 °C)
was changed in above sensing system to determine the optimal incubation temperature.
After adding Eu®*/CDs into PB, the DPA with different concentrations (0200 pM) was
added above the solution and stirred for 10 min at 25 °C. Then, the fluorescence intensity
of the sensing system was recorded by fluorescence spectrometry at 285 nm excitation.
For interference experiments, the DPA, GSH, Cys, Glu, ATP, Cl, Zn?%*, Ni%* and Fe3*
were added to Eu®*/CDs solution, respectively. The final concentration of DPA and other
interfering substances was 50 uM. Finally, the emission spectra at 285 nm excitation of these
reaction solutions were recorded.

2.4. DPA Sensing in Real Samples

As for DPA detection in real samples, milk was selected as samples. The purchased
milk was treated in the same way as previously reported [29]. In order to remove proteins,
the purchased milk was sonicated for 30 min with trichloroacetic acid and then the mixture
was centrifuged for 5 min. The filter paper was used to filter the supernatant to remove the
lipids. DPA with various concentrations (0, 10, 20 and 50 uM) was spiked into the treated
milk for further analysis, which then were added into the Eu®*/CDs sensing system. The
fluorescence responses were measured under the excitation at 285 nm after incubating for
10 min.

2.5. The Smartphone-Integrated Assay for DPA Detection

For the smartphone-based assay for DPA detection, the samples were incubated with
Eu3*/CDs and stirred for 10 min. Then, the fluorescent image was recorded and analyzed
using the Color Picker APP on the smartphone to access its RGB intensity for analysis. It is
worth noting that the samples were placed in a dark lamphouse to avoid environmental
interference.

3. Results
3.1. The Principle of Ratiometric Fluorescence Strategy for DPA Determination

The ligand-containing DPA coordinated with Eu®* and the triplet excited state of the
ligand transferred energy to the emitting state of Eu>* to enhance the fluorescence intensity
(Figure S1 in Supplementary), which then directly detect DPA [30,31]. Considering that
a single variation in signal was susceptible to environmental interference, a ratiometric
fluorescent sensor was constructed to overcome these problems and improve the sensitivity
and selectivity. As shown in Figure 1, the CDs emitted bright blue fluorescence at 470 nm
(curve a), and its fluorescence intensity was not compromised when adding Eu®* (curve
b). The blue fluorescence can be obviously observed under the UV irradiation, seen in
the insert photos. In the presence of DPA, the combined with the complex of Eu**/CDs
can obviously enhance the fluorescence at 615 nm due to the occurrence of antenna effect,
while the blue fluorescence kept stability (curve c). The red fluorescence was easily found,
seen in the insert photo. Therefore, the ratiometric strategy was established to sense the
target based on the ratio of Fg15/F479 against increasing concentrations of DPA, which also
provided the basis for intelligent detection using the smartphone with Color Picker APP.
Here, the Fg;5 and Fy79 were the fluorescence emission intensity of Eu®* /DPA at 615 nm
and the CDs fluorescence emission intensity at 470 nm, respectively.
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Figure 1. The fluorescence spectra and the corresponding photographs of CDs (a), CDs with Eu®* (b),
and Eu’* /CDs with DPA (c).

3.2. Optimization of Detection Experimental Conditions

To guarantee the high sensitivity and stability of the Eu** /CDs nanoplatform for
target monitoring, several important factors were investigated and optimized, including
the concentration of Eu®*, reaction temperature and incubation time. The concentration of
Eu®* was a key factor in the sensitivity of the assays. It can be seen that the blue fluorescent
CDs maintains a stable fluorescence intensity with increasing the concentration of Eu* from
0 to 500 uM, which indicates that CDs can be used as an internal parameter (Figure 2A).
Due to the energy transfer from DPA to Eu®*, the red fluorescence intensity increased
significantly after adding different concentrations of Eu®* (Figure 2B). The fluorescence
ratio of Fg15/F470 was augmented with concentration of Eu®* and reached a plateau at
50 uM. Here, the Fgi5 and Fyzg were the emitted fluorescence intensity of Eu®*/DPA
at 615 nm and the CDs at 470 nm, respectively. Thus, Eu3* at 50 uM was selected for
the detection of DPA in the following experiments. In order to investigate whether the
experiment can be performed in the field for rapid detection, the temperature and reaction
time of testing were crucial. Learn from Figure 2C,D, the reaction of Eu®* and DPA can be
carried out rapidly at room temperature and takes only 10 min, indicating that the system
had the capability of detecting DPA in a short time and with high stability, providing an
important guarantee for subsequent field testing.

3.3. The DPA Detection with Eu3*/CDs Probe

Under the optimal reaction conditions, the detection sensitivity of the as-prepared
Eu®"/CDs probe was examined by monitoring the ratio fluorescence response of the
detection system as a function of different concentrations of DPA in Figure 3A. As the
concentration of DPA increased from 0 to 200 M, the coordination complex Eu®*/DPA
was formed, resulting in augmented red fluorescence, while the blue emission fluorescence
remained relatively constant. To evaluate the sensitivity of the ratiometric fluorescence
platform, the ratio of Fg15/F479 was plotted against different concentrations of DPA, and
the variation of ratio in Figure 3B,C was linear over the concentration range of 0—20 M
with a correlation coefficient R? of 0.9961 and 20-150 1M with a correlation coefficient R2
of 0.9971. The limit of detection (LOD) was calculated to be as low as 1.18 uM according to
the three times of signal-to-noise ratio, which confirmed the feasibility of the developed
platform. The selectivity was further examined by measuring the fluorescence ratio of
the system against other potential interfering analytes. As illustrated in Figure 3D, the
fluorescence ratio of the target analyte DPA (50 M) can be obviously monitored, which
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was significantly higher than that of other analytes, which proves that only DPA target
can cause the change of sensor signal. Therefore, the developed strategy was specific and
selective for the detection of DPA and can greatly reduce the influence of other interferents.
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Figure 2. (A) The normalized fluorescence intensity of CDs against different concentrations of Eu®*.
(B) The ratio of Fg15/F47q against different concentrations of Eu* in CDs with DPA. The reaction
times (C) and different temperature (D) of the Eu®*/CDs system in the presence of DPA.
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Figure 3. (A) The fluorescence spectra of Eu®*/CDs in the presence of different concentrations of
DPA. The standard curves of DPA detection in the range from 0-20 uM (B) and 20-150 uM (C).
(D) Selectivity sensing of the ratiometric fluorescence platform in the presence of each interferential
substance and DPA target (1: DPA, 2: Cys, 3: GSH, 4: ATP, 5: Glu, 6: Cl~, 7: Fe3*, 8: Zn%*, 9: Ni?*).
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3.4. Sensitive Detection of DPA in Real Samples

To further explore the practicality of the proposed strategy, the milk samples with
spiking a certain concentration of DPA were selected for the experiment. As displayed in
Table 1, no DPA was detected in real samples. Then, the DPA with different concentrations
(0, 10, 20, 50 uM) was spiked into the samples and then the same procedure was followed
for quantification by the developed platform. The results showed satisfactory recoveries
(97-99%) and accuracy (RSD < 4.05%) for detection of DPA, suggesting that the proposed
platform can be used to determination the DPA in real food samples.

Table 1. Determination of spiked samples of DPA in real samples by the developed strategy.

Sample Spiked (uM) Found Recovery (%) RSD (%)
0 - - -
. 10 9.9 99 1.65
Milk 20 198 99 405
50 48.5 97 2.9

3.5. Smartphone-Integrated DPA Detection in Real Samples

The current fluorescence assays usually require fluorescence spectrometer and spe-
cialized researchers, which is not suitable in on-site analysis [32-37]. In this research, a
smartphone installed a Color Picker APP is used as a signal reader to detect the DPA by
integrating with the as-prepared ratiometric fluorescent sensing, Figure 4A. The color of
sample-triggered fluorescence photograph can be converted to digital values representing
the blue (B), green (G) and red (R) color channels. The blue fluorescence (Blue channel) can
gradually convert red fluorescence (Red channel) with increasing concentration of DPA
range from 5 to 150 uM under UV light irradiation. Meanwhile, CIE coordinates can also
prove the color changes from blue to red in Figure 4B. As shown in Figure 4A, the ration of
red (G) to blue (B) channel (R/B) was linearly related in the range of 5 to 150 uM.
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Figure 4. The smartphone-based sensor calibration plot based on ratio of R/B (A) and the CIE

chromaticity coordinates of Eu®*/CDs (B) against concentrations of DPA range from 5 to 150 uM
(Mlustration: converted photos of Eu®*/CDs with different concentrations of DPA).

4. Conclusions

In summary, a ratiometric fluorescence strategy has been developed for sensitive
and selective determination of DPA based on lanthanides-based Eu3*/CDs fluorescent
sensor. In addition, the developed strategy can significantly reduce the interface from the
complex matrixes and environments and that also improve the practicality and reliability.
The determination of DPA is then qualified in real samples, showing the satisfactory
recoveries from 97 to 99%. The obtained results of solution fluorescence within increasing
concentration of DPA can be quantitatively analyzed by a smartphone loaded Color Picker
APP, which can be applied to the POCT with accuracy and stability, exhibiting potential
promising application in situ for DPA monitoring.
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Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390 /bios12080668/s1, Figure S1: The fluorescence spectra of (a) Eudt,
(b) DPA, and (c) Eu®*/DPA.
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Abstract: In order to prompt the appearance of the shrimp color, sodium metabisulfite is frequently
added in shrimp processing, which is, however, prohibited in China and many other countries.
This study aimed to establish a surface-enhanced Raman spectroscopy (SERS) method for screening
sodium metabisulfite residues on shrimp surfaces, in a non-destructive manner. The analysis was
carried out using a portable Raman spectrometer jointly with copy paper loaded with silver nanopar-
ticles as the substrate material. The SERS response of sodium metabisulfite gives two fingerprint
peaks at 620 (strong) and 927 (medium) cm~ L, respectively. This enabled unambiguous confirma-
tion of the targeted chemical. The sensitivity of the SERS detection method was determined to be
0.1 mg/mL, which was equal to residual sodium metabisulfite on the shrimp surface at 0.31 mg/kg.
The quantitative relationship between the 620 cm~! peak intensities and the concentrations of sodium
metabisulfite was established. The linear fitting equation was y = 2375x + 8714 with R? = 0.985.
Reaching an ideal balance in simplicity, sensitivity, and selectivity, this study demonstrates that the
proposed method is ideally suitable for in-site and non-destructive screening of sodium metabisulfite
residues in seafood.

Keywords: sodium metabisulfite; surface-enhanced Raman spectroscopy; copy paper; AgNPs; shrimp

1. Introduction

Sodium metabisulfite (sodium bisulfite), commonly known as “shrimp powder”, is
often used as the blenching and preservative agent for shrimp processing. At the surface
of shrimp, sodium metabisulfite generates reductive sulfite, resulting in significant color
protection effects. More specifically, sulfite can effectively control the browning of shrimp
color by inhibiting oxidase activity. Moreover, it can suppress the growth of microorganisms
as well [1]. For these reasons, sodium metabisulfite is frequently added to shrimp in order
to prompt the product’s appearance. However, this inevitably causes the problem of
excessive residue. Remarkably, the toxicity of sodium metabisulfite to human beings had
been experimentally evidenced, leading to strict restriction of it in seafood. From the
existing report, it has been well known that high dosage exposure to metabisulfite can
cause serious damage to a large array of organs, including the lung [2,3], cardiovascular,
and nervous systems [4,5]. Therefore, sodium metabisulfite residue in shrimp poses a
serious threat to human health. With this regard, the usage of sodium metabisulfite in
shrimp is still prohibited in China and many other countries in the world.

As for residual analysis in food, HPLC had been the “gold method” in most controlling
laboratories [6-8]. Nevertheless, all these methods based on column chromatography were
not able to provide a timely and non-destructive solution for the screening of sodium
metabisulfite residue on shrimp. On the contrary, surface-enhanced Raman spectroscopy
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(SERS) is a simple and fast spectral analysis technology. Compared to other spectroscopic
detection, SERS shows outstanding advantages in the following two aspects: (1) High
sensitivity. The SERS effect enhances Raman scattering by molecules adsorbed on rough
metal surfaces or by nanostructures such as noble metal (Ag or Au) nanoparticles, which is
understood to be conditioned by the localization of detected molecules into abnormally
strong nano-scale localized optical fields. Particularly, the enhancement factor can be as
much as 1010 to 1015 if special geometric structures, the so-called “hot-spot” of nanoparticles,
are formed. As reported by Nie, the optical responses of a single molecule and nanoparticles
were recorded by SERS, showing intrinsic Raman enhancement factors on the order of
10 to 105 [9]. (2) Rich structural information. The featuring advantage of SERS is the
sharp, fingerprint-like spectra pattern specific for the respective analyte. SERS spectra
can give vibrational spectroscopic fingerprints from chemical and biological materials
and therefore provide a comprehensive characterization tool to gain an understanding of
the molecular structure [10,11]. Therefore, SERS offers high sensitivity and specificity in
molecular identification and is a promising tool for the detection of adverse residues in
food [12-19].

Though the unusual phenomenon of SERS was observed in 1977, there is still lots
of controversy about its mechanism. Generally, two major theoretical explanations for
the SERS mechanism have been proposed. The first is a chemical enhancement, which
primarily involves the charge transfer mechanism. The other one is an electromagnetic
enhancement that results from the amplification of the light intensity by the excitation of
localized surface plasmon resonances. In both theories, the strength of SERS is critically
dependent on the quality of the substrate material. A large array of SERS substrate materials
had been proposed to increase the detectability of SERS as much as possible. Recently,
emerging flexible SERS substrates as an alternative to colloidal and rigid SERS substrates
have attracted remarkable attention [20-22]. More specifically, flexible SERS substrates
highlight the advantage of easy sampling by wrapping or swabbing on irregular surfaces,
which ideally facilitates the detection of chemical residues on food surfaces. In this way,
analysis steps can be performed in a highly efficient way, and the interferences caused by
co-extracted sample matrices can be perfectly circumvented. This opens a new horizon on
the non-destructive and sensitive analysis of adverse residues on the surface of the food.

Compared to other flexible materials such as textiles, copy paper is the most commonly
available flexible material ideally able to host nanoparticles of silver and gold, which is
especially suitable for in-situ screening. Additionally, the copy paper itself does not
generate any strong SERS signal, implying that background interference from the substrate
material can be excluded. There have been many reports that evidenced that paper was
able to facilitate on-site SERS detection of substance molecules in the field [23,24]. Loaded
with Ag nanoparticle (AgNP), copy paper can be cut into any size and shape, bent, and
folded [25]. Copy paper can also be covered on an irregular sample surface without
destroying raw materials, which may reduce the number of “hot spots” during in situ
detection [26]. Therefore, compared with other rigid substrate materials, copy paper-based
flexible substrates displayed stronger detection ability and wider application on complex
and irregular surfaces, allowing effective detection at low concentrations [27]. In this study,
copy paper loaded with AgNP (AgNP—CP-) was fabricated in order to realize fast and
simple screening of sodium metabisulfite on the surface of shrimp, which was illustrated
in Figure 1.
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Figure 1. Schematic illustration of SERS detection of sodium metabisulfite residue on shrimp surface.

2. Materials and Methods
2.1. Chemicals and Equipment

Silver nitrate (AgNOs, purity > 99.8%), sodium citrate (C¢sHsNazO7-2H,O, purity > 99%),
and sodium metabisulfite were purchased from Sinopharm Chemical Reagent Co., LTD
(Beijing, China). A4 copy paper was purchased from Deli Ltd. (Shanghai, China). The mag-
netic heating stirrer-MS-H-ProA was from Dragon Laboratory Instruments Ltd. (Shanghai,
China). The portable Raman spectra analyzer-ATR3110 workstation was from Optosky Pho-
tonics Ltd. (Xiamen, China). Ultra-pure water (conductivity: 1.08 uS/cm) was prepared by
a Millipore Synergy system (Schwalbach, Germany). UV-vis spectrophotometer was from
Jinghua Ltd. (Shanghai, China). Shrimp samples were purchased from a local supermarket.

2.2. Synthesis of AGQNPs

The synthesis of AgNPs was principally based on the method proposed by Lee and
Meisel [28] and characterized by UV-vis spectrophotometer and Scanning Electronic Mi-
croscopy. Briefly, 45.0 mg of AgNO3 was dissolved in 250 mL of ultra-pure water. The
mixture was evenly stirred and then boiled. Afterward, 5 mL of 1% trisodium citrate
solution was added drop by drop to the boiling mixture; meanwhile, the mixture was
magnetically stirred during the whole process to ensure uniform heating. After boiling for
1 h, heating was stopped, and the solution was cooled down to room temperature with
continuous stirring. A grey-green colloidal solution of AgNPs was obtained, which was
refrigerated at 4 °C, sealed, and stored in the dark.

2.3. Fabrication of AQNP—CP

The blank copy paper was cut into 1 cm x 1 cm pieces, which were soaked in the
as-prepared AgNPs colloid. After the AgNPs were evenly adsorbed on the paper substrates,
they were taken out and put into a closed space to dry naturally and set aside for later use.

2.4. Preparation of Standard Solutions

Preparation of sodium metabisulfite standard solution: 0.05 g of sodium metabisulfite
solid powder was dissolved in 5 mL of ultra-pure water to prepare a 10 mg/mL sodium
metabisulfite standard solution. The standard solution was serially diluted to prepare 5, 3,
1,0.2, and 0.1 mg/mL solutions, which were sufficiently shaken before use.

2.5. Preparation of Shrimp Samples

The SERS detection process of sodium metabisulfite in shrimp is shown in Figure 1. The
different diluted solutions of sodium metabisulfite (prepared 5, 3, 1, 0.2, and 0.1 mg/mL)
were sprayed on the shrimp surface and allowed to dry.
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2.6. SERS Sampling and Measurement

As for SERS analysis of the standard solution of sodium metabisulfite, 10 uL of the
solution was applied within an area of 1 cm? square on clean glass. The liquid was allowed
to dry at room temperature. Then, the AgNP-CP was wiped on the square area in order to
sample the analyte onto the SERS substrate material. As for the analysis of the real shrimp
sample, the AgNP-CP was wiped on the shrimp’s surface. After that, the quantitative
measurement was performed with a portable Raman spectrometer, with an excitation
wavelength of 785 nm and laser power at 80 mW. The acquisition time was 500 ms with
one accumulation. The integration time is 8000 ms, the signal-to-noise ratio threshold is
3, and the intensity threshold is 1000. Spectral data recorded by the Raman spectrometer
were processed using Origin 8.5 software. Each sample was measured three times to obtain
the average value.

3. Results and Discussion
3.1. Fabrication and Characterization of AQNP-CP

In this study, the colloid of AgNPs was first prepared. The significant surface plasma
effect of AgNPs can be characterized by their light absorption spectrum. As shown in
Figure 2a, the light absorption spectrum of the raw AgNPs colloid after 20-fold diluting
was continuous and displayed the maximum absorption peak at 440 nm, indicating that
the AgNPs prepared in this work had the effectiveness and could be applied to the study
of nanomaterials.
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Figure 2. Ultraviolet absorption spectra of the AgNPs colloid (a); Microscopic structure of the blank
copy paper (b) and copy paper loaded with AgNP by dipping (c).

Then the flexible SERS substrate was obtained by simply dipping the copy paper into
the colloid of AgNPs. After that, the color of the copy paper became gray, evidencing that
the dispersed AgNPs were absorbed in the fiber structure of cellulose. The color change was
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resistant to rinsing, suggesting that absorption was strong enough. The electron microscope
photographs enabled further insight into the morphology of the substrate. As shown
in Figure 2b,c, lots of AgNPs uniformly anchored on the cellulose fiber structure can be
observed after dipping, compared to that of the blank copy paper. This further evidenced
the success of SERS substrate fabrication.

3.2. Usability Evaluation of the SERS Substrate

In order to access the usability of the as-prepared substrate, SERS measurement to the
standard solution of sodium metabisulfite was carried out. As shown in Figure 3, the blue
line represents the blank substrate response, and the red line represents the SERS signal of
the sodium metabisulfite standard solution (10 mg/mL). It was apparent that the blank
copy paper was inactive to SERS since the spectrum is a flat line. On the other hand, the
copy paper became highly SERS active after being loaded with AgNPs. The SERS signal of
the sodium metabisulfite aqueous solution displayed two characteristic peaks at 927 and
620cm 1, agreeing well with its Raman scatter pattern, comparatively shown in Figure 3a,b.
The assignment of these characteristic peaks is listed in Table 1. Due to the electromagnetic
coupling between S and Ag, S-O stretching vibration (symmetry + symmetry), and O-S-O
symmetry, SO, binding to the surface of AgNPs generated two strong and comparable
characteristic peaks at 927 and 620 cm . Since the strength of the S-O tensile band can be
variable, the characteristic peaks will deviate accordingly [29,30]. These results evidenced
that SERS detection can provide an ambiguous tool for the identification and confirmation
of metabisulfite ions on shrimp, even in the absence of the reference standard.
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Figure 3. The Raman scattering spectrum of sodium metabisulfite (a); SERS spectra of the AgNP-CP
with or without sodium metabisulfite standard solution (b).

Table 1. Distribution of the two characteristic peaks of sodium metabisulfite.

Fingerprint Peak (cm~—1) Intensity Signal Assignment

620 Strong Symmetrical bending vibrations of O-5-O
97 Medium Symmetrical .and asymimetric S-O
stretching vibrations

3.3. Analysis Sensitivity

In routine screening tasks, the primary concern is whether the shrimp were treated
with sodium metabisulfite or not. Therefore, the sensitivity of detection is of crucial
importance. In order to evaluate the detectability of the developed method, a glass plate
was used as the blank control first. More specifically, sodium metabisulfite solutions of
different concentrations were added dropwise to the glass plate and air-dried. Then, the
spot on the glass plates was wiped with AgNP-CP for SERS measurement. As shown in
Figure 4a, the characteristic SERS peaks at 620 and 927 cm ! were clearly distinguished
even at a low concentration of 0.1 mg/mL sodium metabisulfite. In addition, parallel
analyses of different concentrations of sodium metabisulfite were performed to verify the
reliability of the AgNP-CP detection system over a range of 0.1-10 mg/mL (Figure 4b).
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The results showed minor deviations in sensitivity with no obvious influence of the test
solution concentration, evidencing good sensitivity and reliability of the analysis method.
Moreover, the analysis sensitivity could be further enhanced by using other plasmonic Ag
material with higher SERS activity [31-33].

a b
( ) ( )zs,ooo
10 mg/mL 2
smgml  [18.400 3
3 mg/mL e
1 mg/mL 13,800 .2 20,000
0.2 mg/mL 5
0.1 mgmr, [9200 E
Blak 4600 3 15,000
K
0 z
H
2 10,000
5,000
0
500 600 700 800 900 1000 1100 10 5 3 1 02 0.1
Raman shift (cm™) Concentration (mg/mL)

Figure 4. SERS spectra of AgNP-CP wipes of air-dried sodium metabisulfite solutions on glass plates
(a); Error analysis of parallel detection for different concentrations of sodium metabisulfite standard
solutions (0.1-10 mg/mL) (fingerprint peaks at 620 cm ™) (b).

3.4. Precision Evaluation of the Analysis

The uniformity analysis of the detection was investigated using 1 mg/mL sodium
metabisulfite solution as a probe and using the wiping method. A volume of 10 uL of
the 1 mg/mL sodium metabisulfite solution was dropped onto the glass plate and wiped
after drying. Then, 20 points were randomly selected on a single AgNP-CPAgNP-CP piece
to collect the SERS spectra. As shown in Figure 5a, the intensity of fingerprint peaks at
620 and 927 cm~! did not fluctuate significantly, and the SERS signal display rate reached
100% in 20 measurements, indicating the uniform distribution of the test substance on
the AgNP-CP detection system. Figure 5b shows that there was almost no significant
change in the intensity of the 620 cm ! peak, and the relative standard deviation (RSD)
was only 1.2%, indicating the good performance of the SERS detection system. Moreover,
the data in Figure 5c shows that the intensity of the SERS response peak 620 cm ™! from
20 randomly selected points did not change significantly. These results showed that the
AgNP-CP detection system is simple, reliable, and has good uniformity.
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Figure 5. SERS spectrogram from 20 randomly selected points on a single piece of AgNP-CP (a),
RSDS peak intensity at 20 random points, and (c) bar chart showing peak intensity data from the
20 random points (b).
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3.5. Stability Evaluation of the Analysis

The stability test of the AgNP-CP was performed using the glass slide wiping test.
AgNP-CP substrates of the same preparation batch were used for analysis. The soaked
paper substrates were dried, placed in closed glassware, and then stored at 18 °C and 30%
humidity in the dark. The interval of measurement was 24 h, and the test stability was
checked for 5 days. For the wiping analysis method, we used 10 pL of 1 mg/mL sodium
metabisulfite standard solution. The analysis of stability over five days is shown in Figure 6.
The stability gradually decreased over time. On the fifth day, though the peak intensity
(620 cm™1) reduced to about half of that on the first day, the characteristic peaks at 620
and 927 cm ! were still clear and easy to distinguish. Such a descending trend might be
attributed to the oxidation of silver over storage, suggesting that the SERS substrate was
better to be used shortly after fabrication.
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Figure 6. SERS spectrogram of 5-day stability test of AGNP-CP for sodium metabisulfite (a) and
comparison of peak intensity at 620 cm™! (b).

3.6. Analysis of Real Samples

Figure 7a shows the SERS spectra of shrimp surfaces sprayed with sodium metabisul-
fite standard solutions of different concentrations. After allowing the sodium metabisulfite
solution to dry naturally, the shrimp surface was sprayed with prepared ethanol aqueous
solution, and the surface wiping test was performed with AgNP-CP, and SERS signals were
recorded (Figure 7b). The intensity of the two characteristic peaks at 620 and 927 cm !
became gradually weaker as the sodium metabisulfite concentration decreased. Due to
the specific influence of the shrimp on the substrate, the detection of sodium metabisulfite
solution only reached 0.2 mg/mL. Then, we used the SERS peaks for quantitative analysis
and established a standard curve between the concentrations of the test samples and the
intensity of the peak at 620 cm~!. The results are shown in Figure 7c. The standard curve
was fitted to the 375x + 8714 (R? = 0.985) equation. The LOD of the detection of sodium
metabisulfite on the shrimp surface was 0.31 mg/kg. Compared with other SERS detection
of sodium metabisulfite in recent years, our detection method is remarkably convenient,
especially suitable for screening tasks (Table 2). A comparison of the data showed that the
AgNP-CP has good sensitivity, and the test had a linear correlation of the standard curve
for accurate and quantitative analysis. This suggested that the AgNP-CP assay can be used
for the quantification of the residue of sodium metabisulfite on shrimp.

137



Biosensors 2023, 13, 575

(2) (b) <)

18,000
160001  y=2375x+8714
1a000] R=0.985 aF

10 mg/mL
S mgmL
3mg/ml {19500
1 mg/mL_

02 mg/mif7,000
o«

14,000

Intensity (a.0.)

3500 2 12,000

10,000

Intensity (a.u.

8,000

6,000

4,000
-

2,000
400 500 600 700 800 900 1000 1100 0.125 025 05 1 2 4 8

Raman shift (cm") lg(x)
X:concentration (mg/mL)

Figure 7. AgNP-CP wiping test on the shrimp surface (a), SERS sensitivity of the AgNP-CP wiping
test, and (c) linear relationship between the intensity of 620 cm ™! peak and sodium metabisulfite
concentration (b).

Table 2. Comparison of detection methods for sodium metabisulfite.

Method Analyte Samp}e LOD Reference
Matrix
. . . Fresh-cut
Near-infrared Sodium metabisulfite 500 g/kg [34]
potatoes
Colorimetry Sulfite Foods 27.6 nM [35]
RP-HPLC Sodium metabisulfite Drugs 95 mg/L [36]
SERS Sodium metabisulfite Shrimp 0.31 mg/kg This study

4. Conclusions

In this study, we developed a SERS method using a flexible AgNP-CP substrate ma-
terial for the rapid determination of sodium metabisulfite on shrimp surface that can be
conducted with a portable Raman spectrometer. AgNP-CP exhibited good adsorption uni-
formity, maintaining the reproducibility of the SERS results. The SERS detection sensitivity
of AgNP-CP for sodium metabisulfite solution on the shrimp surface was 0.2 mg/mL, and
the LOD value was 0.31 mg/kg. We also established a quantitative relationship between the
intensity of the characteristic peak at 620 cm~! and the sodium metabisulfite concentration.
The linear fitting equation was 2375x + 8714 (R? = 0.985), evidencing that this method could
be used for quantitative screening. Generally, the proposed method demanded simple
sample pre-treatment, short analysis time, and portable equipment, showing high simplic-
ity and cost-effectiveness. Therefore, it might be suitable for on-site and non-destructive
screening of the sodium metabisulfite residue on shrimp. However, the stability of the
SERS activity of the substrate material over storage still needed to be further optimized.
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Abstract: Food safety issues caused by foodborne pathogens, chemical pollutants, and heavy metals
have aroused widespread concern because they are closely related to human health. Nanozyme-based
biosensors have excellent characteristics such as high sensitivity, selectivity, and cost-effectiveness
and have been used to detect the risk factors in foods. In this work, the common detection methods
for pathogenic microorganisms, toxins, heavy metals, pesticide residues, veterinary drugs, and illegal
additives are firstly reviewed. Then, the principles and applications of immunosensors based on
various nanozymes are reviewed and explained. Applying nanozymes to the detection of pathogenic
bacteria holds great potential for real-time evaluation and detection protocols for food risk factors.

Keywords: nanozyme; food hazards; biosensor; food safety; determination

1. Introduction

Agriculture and food production are directly related to the survival and development
of mankind. Food safety remains one of the most crucial issues globally because food
could be contaminated at all stages of production, packaging, storage, transportation,
and value-added processing, giving rise to outbreaks of foodborne diseases [1]. The
World Health Organization (WHO) pointed out that an estimated 600 million—almost 1 in
10 people in the world—fall ill after eating contaminated food and 420,000 die every year,
resulting in the loss of 33 million healthy life years (DALYs). Food hazards have a variety of
factors, such as plant, animal, and microbial metabolites, soil and water pollution hazards
from the environment, and purposefully added illegal additives, generated during food
packing and processing [2,3]. The review was organized by the category of food risk factors,
including pathogenic microorganisms, toxins, heavy metals, pesticide residues, veterinary
drugs, and others [4].

At present, the frequently used detection immunoassays, such as high-performance
liquid chromatography (HPLC), gas chromatography (GC), mass spectrometry (MS), gas
chromatography/mass spectrometry (GC-MS), liquid chromatography/mass spectrom-
etry (LC-MS), and enzyme-linked immunosorbent assay (ELISA), have the advantages
of outstanding specificity and accuracy [5]. However, they require tedious pretreatment
steps, expensive instruments, specialized technical personnel, and a long testing cycle,
which are inappropriate for point-of-care testing (POCT) [6]. In such contexts, with the
rapid development and deepening understanding of nanotechnology, nanomaterial-based
biosensors to detect food contamination and food adulteration have revolutionized the
global food industry [7-9].

Nanozymes are artificial nanomaterials with intrinsic enzyme-like properties, which
are distinct from “nano-enzymes” with natural enzymes or catalytic ligands immobilized
on nanomaterials. On the whole, natural enzymes are readily digested by proteases and
lose their enzymatic activity after exposure to extreme pH and high temperatures, which
considerably impedes their practical application [10]. Nanozymes are structurally sta-
ble and capable of catalyzing reactions not only under mild physiological conditions but
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also retaining enzymatic activity in extreme environments. For instance, peroxidase sub-
strates could be catalyzed by iron-based nanozymes at extreme pH (1-12) and temperature
(—20-80 °C). The term “nano-zyme” was coined by Pasquato et al. in 2004 to employ
triazacyclonane-functionalized gold nanoparticles as catalysts for transphosphorylation
reactions [11]. In 2007, Yan et al. reported that Fe3O4 nanoparticles possessed the inherent
catalytic activity of horseradish peroxidase (HRP), which could catalyze the conversion of
substrates as natural peroxidase under mild physiological conditions [12].

To date, the catalytic performance of nanozymes have been extended from the initial
single oxidoreductase (peroxidase) to the current four categories, including oxidoreductase,
hydrolase, lyase and isomerase [13,14]. Dozens of inorganic nanomaterials have been
found to hold different catalytic activities, for instance, cerium dioxide nanoparticles and
ferromagnetic nanoparticles with peroxidase activity, gold nanoparticles with oxidase
activity and cadmium sulfide and cadmium selenide nanoparticles with nitrate reductase
activity [15,16]. The most outstanding feature of nanoparticles is their superior catalytic
activity, low cost, high stability, and controllable and adjustable enzyme activity, which is
unmatched by other simulated enzymes [17]. In addition, nanozymes can be size-controlled
and surface-modified utilizing sophisticated nanotechnology to modulate their enzymatic
activities, which is thought to be an inorganic material with unique physicochemical
properties [18]. The discovery of nanozymes breaks the previous notion that inorganic
nanomaterials are inert and reveals that they also hold catalytic activities similar to enzymes.
Extensive experiments have confirmed that nanozymes are intended to be applied as an
alternative to enzymes in the life sciences and the food industry (Table 1) [19,20]. However,
the scant biometric events, inadequate water solubility, rational batch design, and catalytic
mechanisms of synthetic enzymes based on nanomaterials and the lower catalytic efficiency
of some nanozymes compared to natural enzymes are still the prime hindrances confining
their applications [21].

At present, sustainably and environmentally conscious lifestyles are gradually being
emphasized; therefore, it is particularly crucial to establish a testing system to ensure
food safety. Based on the international publications, the main purpose of this paper is
to highlight new research data on food hazard detection by nanozymes, summarize the
general conclusions, and put forward our views on future development.

2. Pathogenic Microorganism

While physical and chemical contaminations also lead to foodborne diseases, biological
contaminants, particularly microorganisms, are considered the greatest danger to food
safety [22]. The majority of current conventional procedures for identifying and locating
these pathogenic microorganisms are based on colony counting and cell cultures, which
requires at least 3—4 days to obtain a presumptive result and about 7 days to produce a
definitive identification summary [23]. Escherichia coli, Salmonella enterica, Campylobacter
jejuni, Staphylococcus aureus, Listeria monocytogenes and Bacillus cereus are the main bacterium
responsible for foodborne illnesses [24]. The search for disposable devices capable of in situ,
rapid, and multiplex quantitative detection of pathogenic microorganisms has become a
recent research trend, and several rapid determination methods are being more frequently
applied, including polymerase chain reaction (PCR) [25]. Due to their speed and reliability,
nanomaterials are being extensively utilized as transducing components for biosensors,
potentially turning out in situ detection devices for biosecurity as well as clinical and food
diagnostics (Figure 1) [26].

A brief description of the single detection mode or single-target nanozyme biosensors
is given below. Hu et al. utilized the immune Ps-Pt (IPs-Pt) by growing platinum nanopar-
ticles (Pt) on the surface of carboxyl-functionalized polymer nanospheres (Ps), establishing
a quick and accurate colorimetric method for the detection of Salmonella typhimurium. The
Pt gave the Ps-Pt an ultrahigh peroxidase-mimetic catalytic activity, and the carboxyl group
allowed Ps-Pt to bind to streptavidin through covalent binding, with excellent activity and
stability [27]. Taking advantage of BSA as a template, Liu et al. published a study of a
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Co304 magnetic nanozyme (Co30O4 MNE) with peroxidase-mimetic activity which binds
with a unique fusion phage protein. The Co304 MNE@fusion-pVIII particles were able to
capture Staphylococcus aureus (S. aureus) and magnetically separate it from the milk [28]. For
the semi-automatic detection of Salmonella typhimurium, an enzyme-free optical biosensor
based on porous gold@Platinum nanocatalyst (Au@PtNCs) and a passive 3D micro-hybrid
was created. It was able to magnetically separate 99% of the target bacteria from the sam-
ple in about 10 min. This study used immunomagnetic nanoparticles to separate target
Salmonella cells, then immune Au@PtNCs were labeled onto the target cells and catalyzed
with Hy0,-3,3’,5,5'-tetramethylbenzidine (TMB) to signal output, and absorbance was
measured at 652 nm to calculate the number of bacteria [29].

Multitarget and multimode detection is also one of the popular research directions. For
the sake of developing an antibody-free LFIA with three signal readout modes for detecting
E. coli O157:H7, Wang et al. proposed functional nanozyme/mannose-modified Prussian
blue (man-PB) as a novel recognition reagent. The antigenic determinants on the surface
of bacteria were more fully exposed as a result of the targeted binding of man-PB to the
FimH protein in E. coli O157:H7 flagella, which improved the effectiveness of antibodies in
recognizing the target bacteria [30]. Utilizing platinum/palladium nanoparticles as signal
reporter molecules and a smartphone as a result recorder, Cheng et al. announced a quanti-
tative dual fluorescence immunoassay for the simultaneous detection of two pathogens
in milk. The peroxidase-like catalytic activity of Pd @ Pt nanoparticles was utilized for
signal enhancement and dual detection in parallel design to eliminate cross-interference,
resulting in a significant increase in sensitivity [31]. The signal output of various modes
also holds a lot of promise concurrently. Based on Fe-doped polydopamine (Fe@PDA) with
significant peroxide-mimetic enzymatic activity and the capacity to emit green fluorescence,
a fluorescent/ colorimetric dual-mode determination method was developed. The platform
contained Listeria monocytogenes (L. monocytogenes)-recognizing aptamer-modified Fe@PDA
(apt/Fe@PDA) and vancomycin-functionalized Fe3O4 (van/Fe3Oy). Residual L. monocyto-
genes in environmental water were successfully detected with an LOD of 1.0 CFU/mL for
fluorescence and 2.3 CFU/mL for colorimetric detection [32].
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Figure 1. Assays for the detection of pathogenic micro-organisms in food by nanozymes. (a) E. coli
0157:H7 were detected using mannose modified Prussian blue (man-PB) (reprinted with permission
from [30], Copyright 2020, Elsevier). (b) Listeria monocytogenes were detected using Fe@PDA-based
nanozyme (reprinted with permission from [32], Copyright 2022, Elsevier).

3. Toxins

Toxins generated by pathogens released into food are thought to be the main cause
of foodborne disease outbreaks. These toxins induce cytotoxicity by changing the physio-
logical activity and integrity of the plasma membrane [33]. Toxins have a variety of forms
depending on where they originate, including bacterial toxins, mycotoxins, phycotoxins,
and algal toxins, among which aflatoxin B1 (AFB1) and ochratoxin A (OTA) are the most
toxic toxins. The former is one of the culprits of liver cancer and categorized as a Group I
carcinogen by the International Agency for Research on Cancer (IARC), while the latter is
categorized as a Group 2B carcinogen due to its nephrotoxicity and carcinogenicity [34,35].
Moreover, toxins persist in food even after the relevant pathogens have died, and prompt
detection of low amounts of toxins is crucial for reducing poisoning and maintaining
public health [36]. Existing toxin detection techniques are sensitive and specific, similar to
pathogen detection techniques; however, they require additional instrumentation and oper-
ators. Advanced techniques applying nanomaterials as portable biosensors are essential
for rapid field detection of specific pollutants (Figure 2).

Making use of MIL-88, with considerable Fe-MOFs-mimetic catalytic activity, and
replacing natural enzymes such as HRP to catalyze TMB, an indirect competitive MOF-
linked immunosorbent assay (MOFLISA) was developed for the high-throughput and
high-sensitivity detection of AFB1. The approach is 20 times more effective than the
standard ELISA and could effectively avoid the occurrence of false positives and false
negatives during the detection of AFB1 [37]. Liu et al. constructed a microcystin-LR (MC-
LR) immunosensor utilizing a double-integrated mimic nanozyme by coupling copper
hydroxide nanozyme with G-quadruplex/hemin DNAzyme. Outstanding peroxidase
activity was demonstrated by the double-integrated enzyme for the chromogenic reaction
of 2,2’-azinobis-(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS) [38].

The multimodal analysis method is more accurate and reliable due to the indepen-
dence and complementarity of signals. PBNPs produced in situ on the surface of magnetic
nanoparticles (MNPs) were taken by Lu et al. to build up a multimodal nanozyme-linked
immunosorbent assay (NLISA) that included photothermal, colorimetric, and fluorescence
analyses for testing AFB1. The introduced MNPs served as both loading carriers and
precursors, quenched the fluorescence of Cy5, and then the generated PBNPs restored the
fluorescence of Cy5. The photothermal and colorimetric signals could be applied for POCT
and the fluorescence signal for ultrasensitive detection with an LOD of 0.54 fg/mL [39].
Chen et al. prepared Co nanoparticles/N-doped carbon nanotubes (Co/NCNT) with a
hollow core/shell structure. While the hollow structure promoted the binding of the active
center to the substrate and sped up the reaction, the synergistic effect of Co NPs and
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NCNT boosted the simulated oxidase activity. Additionally, Co/NCNT produced blue
TMB*, which quenched the fluorescence of AuAg nanoclusters (NCs) through the internal
filtration effect (IFE). A colorimetric-fluorescent dual-mode immunosensor with an LOD
of 0.21 ng/L (colorimetric) and 0.17 ng/L (fluorescent) for the sensitive detection of OTA
was established [40]. Based on Cu,O@Fe(OH); yolk-shell nanocages with catalytic activity
similar to peroxidase, Zhu et al. developed a bimodal multicolorimetric and proportional
fluorescence immunosensor capable of sensitively detecting OTA. Cu,O@Fe(OH); effi-
ciently etched Au nanorods (Au NRs), yielding observable color changes and LSPR shifts.
It also quenched the emission peak of carbon dots (CDs) at 424 nm and produced a new
emission peak at 563 nm to form a ratiometric fluorescence signal [41].
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Figure 2. Assays for the detection of toxins in food by nanozymes. (a) Microcystin-LR (MC-LR)
was detected using coupling copper hydroxide nanozyme and G-quadruplex/hemin DNAzyme
(reprinted with permission from [38], Copyright 2019, American Chemical Society). (b) OTA was
detected using ZIF-derived hollow Co/N-doped carbon nanotubes (CNTs) (reprinted with permission
from [40], Copyright 2022, Elsevier).

4. Pesticide Residues

One of the major factors impacting food quality is contamination from pesticide
residues [42]. The majority of pesticides are neurotoxic and carcinogenic to individuals,
and their residues migrate through the food chain and environment and even persist in
nature for more than 15 years [43]. To analyze pesticide residues in agricultural products
and the environment at trace or even ultra-trace levels, the sensitive detection of pesti-
cide residues primarily makes use of high-performance liquid chromatography (HPLC),
gas chromatography (GC), gas chromatography/mass spectrometry (GC-MS) and HPLC-
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MS/MS [44]. However, these methods are not appropriate for POCT, while the specific
nanozyme structure holds a synergistic effect to raise the sensitivity of detected targets [45]
(Figure 3). Pesticides can be broadly divided into four categories based on the chemical
property of their active ingredients: organochlorines, organophosphates, carbamates and
pyrethroids [46].

Applying a synthetic Fe-N/C SAzyme that directly oxidized TMB to produce blue
oxidized product 3,3’,5,5'-tetramethylbenzidine diamine (oxTMB), Ge et al. established a
novel, extremely sensitive malathion colorimetric platform. L-ascorbic acid-2-phosphate
(AA2P), a substrate of acid phosphatase (ACP), could be hydrolyzed to AA, inhibiting the
oxidization reaction of TM and resulting in noticeable blue color fading. With the addition
of malathion, AA synthesis was reduced and ACP activity was hampered, restoring the
catalytic activity of the single-atom nanozyme [47]. Iron-based metal-organic gel (MOGs)
nanosheet hybrids with AuNPs immobilization (AuNPs/MOGs (Fe)) were fabricated
to detect organophosphorus (OPs), which displayed excellent chemiluminescence (CL)
properties. The considerable enhancement of CL was blamed for the modification of AuNPs
on the MOGs (Fe) nanosheet, which synergistically increased the CL reaction by speeding
the formation of OH®, 0,*~ and 10, [48].

The removal of peroxidase-like activity and color interference is crucial for colori-
metric analysis of the nanozyme. The GeO, nanozyme was found that it only possessed
peroxidase-like activity but no oxidase-like capability, which rendered the related detection
system free from O, disturbance. In addition, the white GeO, nanozyme removed its
color interference. Accordingly, a colorimetric sensing platform for ultra-trace detection
of OPs pesticides with paraoxon as a representative model was proposed. In the absence
of paraoxon, the active acetylcholinesterase (AChE) degraded the GeO; nanozyme and
lost its peroxidase function by hydrolyzing acetylthiocholine (ATCh) to thiocholine (TCh).
In the presence of paraoxon, AChE was irreversibly inactivated and TCh production was
inhibited [49].

While most investigations have been devoted to further optimizing fluorescent probes
or assays to enhance the sensitivity for OPs, Liang et al. conducted groundbreaking
work on creating yeast-surface-displayed acetylcholinesterase (AChE) mutants (E69Y and
E69Y /F330L) from the perspective of modifying the sensitivity of AChE for OPs. Using
electronegative fluorescent gold nanoclusters (AuNCs) combined with AChE mutants, an
ultra-trace fluorescence assay for OPs with the LOD of 3.3 x 10~* M was established,
indicating that the E69Y and F330L mutations had the potential to significantly improve
the sensitivity of the nanozyme to OPs [50].
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Figure 3. Assays for the detection of pesticide residues in food by nanozymes. (a) Five pesticides
(i.e., lactofen, fluroxypyr-meptyl, bensulfuron-methyl, fomesafen and diafenthiuron) were detected
using heteroatom-doped graphene sensor arrays (reprinted with permission from [51], Copyright
2020, American Chemical Society). (b) Paraoxon was detected using fluorescent AuNCs (reprinted
with permission from [50], Copyright 2020, Elsevier).

5. Veterinary Drugs

Veterinary drugs are the substances applied to prevent, treat and diagnose animal
diseases or purposefully regulate animal physiological functions and effectively help
farmers solve the problems of livestock threatened by epidemics in breeding production,
including antibiotics, antiparasitic and antifungal drugs, hormones, growth promoters,
etc. [52]. In the ongoing expansion of the livestock industry today, the employment of
veterinary drugs has been crucial in the production of animal-derived food [53]. Veterinary
drug residues are the substances of prototype drugs and their metabolites as well as related
impurities that accumulate or remain in the organisms or products of livestock and poultry
(such as eggs, milk, meat, etc.) following drug application (Figure 4) [54].

Li et al. established the Fe-gallic acid (GA) nanozymes (FGN), an artificial multi-iron
peroxidase with monoclonal antibody recognition activity and high catalytic performance
inspired by polyphenol-protein interactions. Afterward, clenbuterol (CLL) in pork and
poultry was determined applying the nanozyme-mediated dual colorimetric immunochro-
matographic in conjunction with smartphones, with a detection limit of 0.172 ng mL =1 [55].
Applying aggregation-induced (Al)-electrochemiluminescence (ECL)-containing covalent
organic framework materials (COF-AI-ECL) as the signal element and CozO4 nanozyme
as the signal amplification component, a CAP molecularly imprinted sensor was estab-
lished. Co30; catalytically amplified the ECL signal of COF-AI-ECL, which was effectively
quenched by CAP; thus, the ECL signal was controlled by the elution and adsorption of
CAP by molecularly imprinted polymer (MIP) [56]. Kanamycin (Kana) was detected on
polyaniline-nanowire-functionalized reduced-graphene-oxide (PANI/rGO) framework by
catalyzing H,O; to generate oxygen using platinum nanozymes on hairpin DNA probes.
The principle of signal amplification was to produce a sizable amount of Pt nanoparticles
through the coupling of catalytic hairpin assembly (CHA) reaction and strand-displacement
amplification (SDA) reaction [57].

Multisignal, enhanced ultrasensitive detection of veterinary drugs is considered an
advanced academic research achievement. Utilizing planar VS, /AuNPs nanocomposites
as the electrode sensing platform, streptavidin-functionalized CoFe;O4 nanozyme, and
methylene-blue-labeled hairpin DNA (MB-hDNA) as signal-amplifying components, an
electrochemical aptamer sensor for kanamycin (Kana) proportional detection was devel-
oped. The VS,/AuNPs nanocomposites were combined with hDNA complementarily
hybridized with biotinylated Kana-aptamers, and the CoFe,O4 nanozyme immobilized on
the aptamer sensor possessed excellent peroxidase-like catalytic activity. In the presence of
Kana, aptamer biorecognition resulted in a decrease in nanozyme accumulation and an
increase in the response of MB [58].
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Figure 4. Assays for the detection of veterinary drugs in food by nanozymes. (a) Clenbuterol
was detected using Fe-GA nanozymes (reprinted with permission from [55], Copyright 2022, Else-
vier). (b) Kanamycin was detected using polyaniline-nanowire-functionalized reduced-graphene-
oxide (PANI/rGO) framework (reprinted with permission from [57], Copyright 2018, American
Chemical Society).

6. Heavy Metals

Excessive levels of heavy metal content in food are caused by heavy metal enrichment
in the food chain due to sewage irrigation, automobile exhaust emissions, and the massive
application of fertilizers and pesticides [59]. The main hazardous heavy metal ions (HMIs)
include Ni%*, Cr®*, Pb?*, Hg2+, Cd?* and Cu?*, and long-term exposure to these HMIs up
to a certain threshold is associated with several health risks, such as Alzheimer’s disease
and metabolic disorders [60]. They also impact the cardiovascular, neurological, and
renal systems and cause organic injury to human organs. The traditional methods for
detecting heavy metals in food mainly involve atomic absorption spectrometry (AAS),
atomic fluorescence spectrometry (AFS), inductively coupled plasma/mass spectrometry
(ICP-MS), inductively coupled plasma/atomic emission spectrometry (ICP-AES), and
ultraviolet-visible spectrometry (UV-vis Spectrometry) [61,62]. Here are several instances
of HMIs detection utilizing nanozyme sensors (Figure 5).

After realizing the remarkable selectivity and high-speed absorption of Hg by CuS
nanostructures, Fang et al. first put forward an affordable HgZJr nanosensor. CuS hollow
nanospheres (HNSs) were the central component and performed three functions: they acted
as a concentration carrier for ng+ pre-enrichment, a recognition unit for ngJr sensing, and
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an amplifier and readout for peroxidase-mimetic signals [63]. Anchoring single-atom Fe on
a monolayer of two-dimensional nitrogen-doped graphene, the synthesized SA-Fe/NG
held excellent peroxidase-like activity, 100% Fe atom utilization and Fe-N-C structure.
Based on the preferential specific interaction of TMB oxidation inhibitor 8-hydroxyquinoline
(8-HQ) with Cr(VI), which restored oxTMB to blue color TMB, Mao et al. established a
single-atom nanozyme colorimetric sensing method for Cr(VI) [64]. Bipyridine-containing
COF nanosheets (Tp-Bpy NSs) with regular pore structure, abundant nitrogen-containing
functional groups, and flexible topological connectivity were synthesized. AuNPs were
generated in situ to form AuNPs@TP-Bpy. The majority of the anchored AuNPs were
exposed to the two-dimensional pore structure of Tp-Bpy NSs, increasing the contact
area. It was revealed that the ultra-sensitive detection performance of AuNPs@Tp-Bpy
nanocomposites for Hg?* was attributed to the synergistic effect of the enhanced catalytic
activity of gold amalgam and the considerable access probability of TP-Bpy nanosheets for
Hg?* [65].

Regarding sensitive and rapid POCT for a wide range of HDMIs in food and envi-
ronment, there are still a lot of technical barriers that need to be solved. Applying porous
Co304 nanodisks with fairly strong peroxidase-like activity to detect multiple heavy metals,
a colorimetric sensor was formed. The electron transferred between the porous Co3O4
nanodisks and TMB was blocked and the catalytic activity was significantly inhibited by
HDMIs (Cd(II), Hg(II), Pb(Il) and As), indicating that heavy metals had anti-competitive
inhibition of peroxidase activity. The LOD values of this assay were 0.085 pg L~! for Cd(II),
0.19 ug L1 for Hg(II), 0.22 ug L~ for Pb(II) and 0.156 ug L~ for As. It is worth noting that
when the concentration of heavy metals exceeded 5 pg L1 or the change of absorbance
was greater than 0.5, it could be distinguished by the naked eye [66].
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Figure 5. Assays for the detection of heavy metals in food by nanozymes. (a) Fe3* and Cré*
were detected using single-atom Ce-N-C (SACe-N-C) (reprinted with permission from [67], Copy-
right 2022, Elsevier). (b) Hg?* was detected using chitosan-functionalized molybdenum (IV) se-
lenide nanosheets (CS-MoSe; NS) (reprinted with permission from [68], Copyright 2019, American
Chemical Society).
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7. Others

Along with the aforementioned common food hazards, there are allergens, food addi-
tives, and illegal food additives that should not be ingested in excess and are damaging to
the human organism [69]. Novel nanozyme biosensors for sensitive detection of histamine
(HA), nitrite and Sudan are given below (Figure 6).

HA is a substance produced by the decarboxylation of histidine, a biogenic amine
generated by the spoilage of high-protein foods, and plays an important role in inflam-
mation and allergic reactions in humans [70]. Fish products are an integral component of
the human diet, but fish is highly perishable, and histidine can be readily converted to
HA through decarboxylation if transported or stored under improper conditions [71]. HA
is highly toxic and causes headaches, nausea, and other adverse reactions when ingested
in excess, even threatening life in severe cases [72]. Binding PBNPs to goat anti-mouse
antibodies for the purpose of forming nanozyme-antibody conjugates, Liao et al. estab-
lished a nanozyme-mediated ratiometric fluorescence immunoassay for testing HA. The
oxidation of o-phenylenediamine (OPD) produced fluorescent 2,3-diaminophenothiazine
(oxOPD) under the catalysis of PBNPs, which formed a new emission peak at 570 nm and
quenched the fluorescence of CDs at 450 nm [73]. Covalently coupling DNA aptamers with
excellent selectivity for HA to a gold nanoflower-modified ITO electrode (apt/ AuNFs/ITO)
and employing DNA/Au@FeCo NCs with peroxidase-like activity as electrochemical
probes, an electrochemical sensor for the determination of HA was developed [74]. Wang
et al. published a biomimetic enzyme-linked immunoassay (BELISA) based on the labeled
Au@Pt@Au complex nanozyme with peroxidase-mimetic activity for detecting HA [75].

Nitrite exists in a variety of foods, and there are two main sources. First, when veg-
etables are pickled or cooked, the nitrate in them is reduced to nitrite under the action
of reducing bacteria. Second, nitrite has antibacterial and antioxidant properties and
thus is widely employed as a food additive in meat and dairy products [76]. However,
excessive intake of nitrite has indirect carcinogenic, teratogenic, mutagenic, and other
risks to humans, and a single intake of 0.3 g or more causes poisoning or even death [77].
Synthesizing bifunctional Mn-doped N-rich CDs (Mn-CDs) with controlled photolumines-
cence, high oxidase-like activity, abundant functional groups and favorable hydrophilicity
which effectively catalyzed the oxidation of colorless TMB to blue TMB*, a bimodal col-
orimetric/fluorescence technique for the reliable and efficient determination of nitrite in
complex matrices was established [78]. Another paper by the same authors investigated
the carbon-supported Mn3Oy particles, utilizing the coupling of a specific diazotization
reaction with oxidase-mimetic catalysis, a novel dual-mode and dual-scale electrochemical
nitrite sensing method was built up [79]. Adegoke et al. synthesized a chemically modi-
fied AuNP-CeO, NP-anchored GO hybrid nanozyme (AuNP-CeO, NP@GO) applied to
the catalytic colorimetric detection of nitrite, where AuNP-CeO2 NP@GO yielded high
peroxidase catalysis [80].

Sudan is frequently employed as a synthetic pigment in food additives, and the IARC
has classified Sudan I, I, IlIl and IV as animal carcinogens [81]. Sudan’s consumption for
improving the appearance and color of food products has been outlawed in China by the
Food and Drug Administration [82]. A screen-printed electrochemical sensor based on
La3*-doped Co304 nanocubes was established for the detection of Sudan I, utilizing the ex-
cellent catalytic properties, favorable adaptability in catalytic reactions, and interaction with
oxygen groups in CozOy of nanozyme [83]. Ye et al. applied CuO nanoparticle-decorated
3D N-doped porous carbon (CuO/3D NPC)-modified electrodes with an excellent electro-
catalytic activity of CuO, which exhibited high sensitivity and broad linear range for the
detection of Sudan I[84]. A polystyrene-coated, magnetic Fe304 nanoparticle (PSt@Fe3O,)
was employed as a solid-phase adsorbent for liquid—solid extraction prior to magnetic
solid phase extraction (MSPE), making it applicable to solid food matrices. The non-polar
Sudan dyes were adsorbed onto similarly structured non-polar polystyrene wrapped
around nanoparticles and then released Sudan dyes using a desorbent for detection and
quantification [85].
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Figure 6. Assays for the detection of other food hazard substances in food by nanozymes. (a) Nitrite
was detected using Mn-doped N-rich carbon dots (Mn-CDs) (reprinted with permission from [78],
Copyright 2022, American Chemical Society). (b) Histamine was detected using DNA / Au@FeCo
nanoflowers (NCs) (reprinted with permission from [74], Copyright 2022, Elsevier).
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8. Conclusions and Perspectives

Public health risks related to food safety remain a top priority, and specific instances
of nanozyme biosensors for detecting primary food pollutants were discussed. Although
some of the drawbacks of conventional detection techniques have been overcome through
the development of various nanomaterials, most nanozyme-based sensors require addi-
tional manipulation steps that add operational complexity compared to traditional methods,
and considerable work remains to be completed before they could become viable alter-
natives to conventional assays, for instance, innovating the structure of immunosensors,
exploring new nanozyme-based sensors, and optimizing existing nanozyme by combining
experimental techniques and theoretical strategies. Future nanozyme developments will
put more emphasis on being more portable, wide-ranging, and industrialized, such as
by combining artificial intelligence (AI) and machine learning with food quality mainte-
nance to facilitate rapid identification of food risk factors and through the proliferation
of nanosensors associated with portable mobile devices to enable precise monitoring at
home. We hope that this paper could provide new inspiration for the future outlook of
nanozyme-based sensors for food safety analysis.
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Table 1. Nanozyme-based biosensors for the detection of food contaminants.

Analytes Biosensors Nanozymes LODs Food Matrix Ref.
Pathogenic
microorganism
Escherichia coli Platinum-coated
0157:H7 (E. coli Colorimetric magnetic nanoparticle 10 CFU/mL milk [86]
0O157:H7) clusters (Pt/MNCs)
Hemin-concanavalin A
E. coli O157:H7 Colorimetric hybrid nanoflowers 4.1 CFU/mL milk [87]
(HCH nanoflowers)
Sﬂlmo‘n ?ll.ﬂ Colorimetric Fe-MOF nanoparticles 34 CFU/mL milk [88]
Enteritidis
Salmonella . . Prussian blue 3 .
typhimurium Colorimetric nanoparticles (PBNPs) 6 x 10° CFU/mL powdered milk [89]
Salmonella enterica ZnFepOy4-reduced
serovar Colorimetric graphene oxide 11 CFU/mL milk [90]
typhimurium nanostructures
Listeria
monocytogenes (L. Colorimetric AgNCs 10 CFU/mL pork [91]
monocytogenes)
Toxins
Aflatoxin B1 . . Mesoporous
(AFB1) Colorimetric S0,/ Au-Pt (m-SAP) 0.005 ng/mL peanut [92]
. . Porphyrin NanoMOFs .
AFB1 Colorimetric (NanoPCN-223(Fe)) 0.003 ng/mL milk [93]
6.5 x 10% ng/mL
AFB1 and Colorimetric/ Pt@PCN-224-HRP- and 4 CFU/mL for
Salmonella Fluorescent initiator DNA AFB1 and Salmonella rice and milk [94]
Enteritidis (PP-HRP-iDNA) Enteritidis
respectively
Och(lngoAx)m A Colorimetric Co(OH); nanocages 2.6 x 10~* ng/mL corn [95]
Saxitoxin (STX) Colorimetric AuNPs 4246 x 10~* nM shellfish [96]
Pesticide residues
Fe3O4 .
Diazinon Fluorescent nanoparticles@ZIF-8 0.2nM wate; ai?eds fruit [97]
(Fe30, NPs@ZIF-8) )
s . . Gold nanoparticles
Acetamiprid Colorimetric (GNPs) 0.1 ng/mL - [98]
Semen nelumbinis,
Colorimetric/ . Semen Armeniacae
Methyl-paraoxon Fluorescent nanoceria 420 nM Amarum, Rhizoma [99]
Dioscoreae
Paraoxon Fluorescent Carbon quantum dots 0.05 ng/mL tap and river water [100]
(CQDs)
MnO tap water, river
Paraoxon Fluorescent 2 0.015 ng/mL water, rice, and [101]

Nanosheet-Carbon Dots

cabbage
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Table 1. Cont.

Analytes Biosensors Nanozymes LODs Food Matrix Ref.
0.13ng/mL,
0.37 ng/mL,
Paraoxon, 0.42 ng/mL and
Parathion, . . 0.20 ng/mL for
Fenitrothion and Colorimetric AuNPs paraoxon, parathion, water (102]
Diazinon fenitrothion and
diazinon,
respectively
13.1 ng/mL,
1.5 ng/mL and
Colorimetric/ 11.5 ng/mL for rice. millet. and
Glyphosate Fluorescence/ N-CDs/FMOF-Zr colorimetric, s,o bear,ls [103]
Photothermal fluorescence and Y
photothermal
respectively
Veterinary drugs
Tetracycline (TC) Colorimetric AuNCs 46 nM drugs and milk [104]
. . . Gold nanoparticles
Kanamycin Colorimetric (GNPs) 1.49 nM - [105]
Enrofloxacin Chemiluminescence Co(OH); nanosheets 41 x 107° ng/mL shrimp, chicken, [106]
2 ’ & and duck meat
1-methyl-D-tryptophan-
Norfloxacin (NOR) Colorimetric capped gold 200 nM drugs [107]
nanoclusters
(1-Me-D-Trp@AuNCs)
Cu(ITl)-anchored
Sulfaquinoxaline o unzipped covalent 4 .
(SQX) Chemiluminescence triazine framework 7.6 x 107* nM milk [108]
(UnZ-CCTF)
Chloramphenicol Electrochemilumine- . . 7 pig urine, river
(CAP) scence Ultrathin PtNi 2.6 x 107" nM water, and milk [109]
Heavy metals
16.9 nM, 26 nM and
47.3 nM for MilliQ MilliQ water, tap
ng+ Colorimetric Pt NP water, tap water and ~ water, and ground [110]
ground waters, waters
respectively
Copper oxide-based 30nMand 3.3nM xt/jft:r, ast:erl’vila‘igi
Hg?* and MeHg Fluorescent PP : for Hg?* and MeHg, N [111]
nanocomposites . and dogfish
respectively
muscle
. . Chitosan-PtNPs
2+
Ag Colorimetric (Ch-PENPs) 4nM tap and lake water [112]
Ag2+ Colorimetric Pt nanoparticles 7.8 x 1073 nM river water [113]
C tap water, soil,
Pb%* Colorimetric Tungsten disulfide (WS,) 4ng/mL wheat, and fish [114]
nanosheets
serum
Pb%* Colorimetric Au@Pt nanoparticles 3.0nM lake water [115]
Metal-deposited nanomolar tap water, river
Pb?* and Hg2+ Fluorescent bismuth oxyiodide .. water, lake water, [116]
quantities

(BiOI) nanonetworks

and sea water
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Table 1. Cont.

Analytes Biosensors Nanozymes LODs Food Matrix Ref.
Others
baking soda, rock

Sulfide Colorimetric GMP—Cu nanozyrpe 670 nM sugar, konjac flour, [117]

with laccase activity .

and xylitol
2 nM and 700 nM for

Nitrite Colorimetric/ Histidine(His)@AuNCs/ Colorimetric and sausace (18]

Electrochemical rGO Electrochemical 8

respectively
Nitrite Colorimetric Hollow MnFeO particles 200 nM sausage, pickles, [119]
and salted eggs

Salbutamol Colorimetric AgNPs 2614 x 107* ng/mL tap water and [120]

artificial urine
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Abstract: Due to their advantages of good flexibility, low cost, simple operations, and small equip-
ment size, electrochemical sensors have been commonly employed in food safety. However, when
they are applied to detect various food or drug samples, their stability and specificity can be greatly
influenced by the complex matrix. By combining electrochemical sensors with molecular imprinting
techniques (MIT), they will be endowed with new functions of specific recognition and separation,
which make them powerful tools in analytical fields. MIT-based electrochemical sensors (MIECs)
require preparing or modifying molecularly imprinted polymers (MIPs) on the electrode surface.
In this review, we explored different MIECs regarding the design, working principle and functions.
Additionally, the applications of MIECs in food and drug safety were discussed, as well as the chal-
lenges and prospects for developing new electrochemical methods. The strengths and weaknesses of
MIECs including low stability and electrode fouling are discussed to indicate the research direction
for future electrochemical sensors.
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bios12060369 Since food and drug safety are closely related to human health, it is essential to develop

Received: 28 April 2022 rapid and effective analytical methods to monitor food and drugs and control their safety.

Accepted: 25 May 2022 Electrochemical sensors are a class of chemical sensors in which an electrode is used as

Published: 27 May 2022 a transducer to give an electrochemical signal for analytes [1,2]. Most electrochemical
sensors are small-sized devices with simple operations and rapid detection, which make

them suitable for on-site applications and popular in the analysis of food and drugs [3,4].

However, electrochemical sensors suffer from some limitations when they are applied in
food and drug detection: (1) it is difficult to achieve high sensitivity and accuracy due to
the lack of effective standards for constructing the sensors; (2) the complex sample matrix
has great effects on the stability and reproducibility of the electrochemical signal output.
Therefore, there is a great need to improve electrochemical sensors to meet the requirements
in food and drug safety detection.

To achieve higher performance of electrochemical sensors, numerous studies have
been carried out, mainly including the development of new electrodes, modification of
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electrodes, construction of detection modes, and design of signal labels [5-8]. To overcome
the limitations associated with high costs and complex processing procedures of traditional
electrodes (glassy carbon electrodes, silver, and gold electrodes, etc.), simple screen-printed
electrodes [9], indium tin oxide (ITO) electrodes [10], paper-based electrodes [11] and
micro-electrodes [12], have been developed in different applications. Usually, they cannot
achieve desirable sensitivity due to their limited specific surface area. So, nanomaterials
with various functions are widely used to modify the electrodes and improve detection
sensitivity [13]. However, most of the modifications are performed by simply adsorbing the
nanomaterials on the electrode surface to obtain a large specific surface area and efficient
electron transfer rate [14,15], and the physical adsorption is not reliable enough to give
stable signals, thus it will result in a low reproducibility in measurements. For the detection
mode, different electrochemical sensors can be constructed according to the distinct recep-
tors of enzymes, antibodies, and aptamers, including enzyme sensors, immunoassays, and
DNA sensors, to meet the requirements of analytes in complex samples [16-19]. Commonly,
the sensing structures are built by physical adsorption depending on the interaction of
Van der Waals force between receptors and electrode surface, which readily gives rise to
non-specific adsorption with weak adsorption, and thus could lead to a decrease in the
overall stability of electrochemical sensors [20,21]. The last, but not least, electrochemical
signal label is closely related to detection sensitivity and accuracy, and the design of the
signal includes an electroactive substance and signal amplification strategy. To indicate
analytes, various electroactive substances are used as electrochemical signals with signal
amplification to improve detection sensitivity [22,23]. However, the single-signal output is
prone to be influenced by external environmental interferences, so it is necessary to design
the signals to eliminate the interferences and enhance the sensitivity.

The above-mentioned four aspects describe the electrochemical sensors from the
development of the electrode to the design of the signal. Unfortunately, current work
mainly focuses on improving one part of them but ignores the importance of studying the
four aspects as a whole [24-26]. Since the electrode interface, recognition element and signal
outputs are the unified whole of electrochemical sensors, it is difficult to achieve desired
detection performance by only enhancing one part, either developing new electrodes or
constructing a detection mode [27-29]. That is, only by considering mutual influences
from different aspects, can it be possible to construct stable and reliable electrochemical
sensing methods. The molecular imprinting technique (MIT) coupled with electrochemical
sensors provides an opportunity to address the above concerns. As it is known that
MIPs are characterized by predetermined structure-activity, specific recognition, and wide
practicability [30,31]. As MIPs have specific recognition for target molecules, they can act as
receptors to construct MIT-based electrochemical sensors (MIECs) with high specificity [32].
However, the relatively low adsorption capacity and mechanic properties of MIPs have
become another challenge. It was reported that nanomaterials can effectively increase
the specific surface area of MIPs and improve their conductivity, which makes MIECs
more sensitive and stable [33,34]. Besides that, by adding nanomaterials such as gold
nanoparticles (AuNP) into MIPs, they can provide an internal reference signal, and thus
reduce the background interference [35]. In this regard, nanomaterials play a vital role in
constructing MIECs with stable and accurate electrochemical signals.

Based on the above discussions, though MIECs suffer from the limitations such as low
conductivity and stability, they are still one of the few sensors that can hopefully improve
the detection performance in whole aspects. With careful design and modifications, the
setbacks of MIECs can be overcome to a large extent. In general, MIECs can be regarded
as new kinds of analytical methods that readily realize sensitive, specific, accurate and
rapid detection, with the integrated improvement from electrodes to signals. This review
summarizes all kinds of MIECs as well as the preparation of MIPs, design of electrochemical
signals, functions of MIECs and applications in food and drug safety, aiming to present
a general comment on the development of MIECs and make a bridge between MIPs and
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electrochemical sensors (Figure 1). Furthermore, critical perspectives and discussions are
given on the current progress and trends of MIECs and their application prospects.
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Figure 1. Schematic presentation of MIECs: (I) preparation of MIPs, (II) design of electrochemical
signal, (III) functions of MIECs and (IV) applications in food and drug safety detection.

2. Brief Introduction of MIECs
2.1. Principle of MIECs

MIECs are integrated sensing techniques that use MIPs as recognition elements and
electrochemical platforms as signal transducers (Figure 2). When the MIPs are well-
prepared on the surface of the electrode, they can specifically recognize the analyte and
indicate the molecular information (structure, concentration, conductivity, etc.) based
on different electrochemical signals (CV for cyclic voltammetry, EIS for electrochemical
impedance spectroscopy, SWV for Square-wave voltammetry, DPV for differential pulse
voltammetry). As the analytes bind with MIPs, the direct detection can be achieved by the
change in the state of MIPs or surface potential, which is due to a change in properties of
the system without any electrodic reaction of analytes. As the specificity of MIPs towards
analytes, the changes are only dependent on the amounts of analytes, and thus can be
measured by the CV or EIS with variations of current or resistance. For example, Hedborg
et al. reported the first MIPs-based capacitance sensor with capacitive or impedance detec-
tion, which is based on the principle of plate-capacitor with double layer phenomenon [36].
When analytes rebind with MIPs, the capacitance will vary with the concentration of
analytes. This impedometric binding detection can be achieved by MIECs without the
electrodic reaction of analytes.

Furthermore, if the analytes are electroactive substances, they will undergo an elec-
trodic reaction when applied with an electrochemical technique such as SWV or DPV. By
this means, the analytes will show a redox peak with a specific location. Moreover, the
redox peak current will vary with the concentrations of analytes. In the label-free mea-
surements, MIPs only act as receptors for the specific recognition with analytes. In a word,
the MIECs combine the working principle of MIPs and that of electrochemical sensors to
achieve detection specificity and sensitivity.
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Figure 2. Illustration of working principle of MIECs from the preparation of MIPs to electrochemical
signal output.

2.2. The Classification of MIECs

Since the electrochemical signals are output through the electrodes connected system,
the electrodes used in MIECs can be varied with different applications. With the modi-
fication of MIPs on the electrode, either via an ex-situ or in-situ method, different kinds
of electrodes vary in their functions. Besides the commonly used glass carbon electrode
(GCE) and gold electrode, many other electrodes such as the ITO electrode, screen-printed
electrode (SPE), and paper-based electrode are developed owing to the low cost and easy
preparation. Thus, MIPs can be modified on different electrodes to achieve different opera-
tions. For example, on an ITO electrode, a researcher can conduct the surface pretreatment
to make it more hydrophilicity prior to the MIPs modification [37]. However, for GCE or
gold electrodes, it will be impossible because such operations can cause great damage to
the electrodes. As most of the fundamental studies are completed via the GCE or gold
electrode, we only introduce the MIECs based on the GCE or gold electrode operation
system, so that the results can be compared under the same standard.

Regardless of the difference in electrodes, the MIECs can be divided into two groups
according to different preparation methods of MIPs, which are (i) MIPs generated by an
in-situ method such as electropolymerization of the monomer and (ii) the preformed MIPs
will be coated on the electrode, also named as an ex-situ method [38,39]. For the in-situ
method, MIPs can be directly obtained by electropolymerization without any processing
requirement. The thickness of MIPs can be easily controlled by the applied current density
and voltage. On the other hand, the ex-situ method for MIPs usually involves either spin-
coating or spray-coating on the surface of the electrode as a thin film [40]. In the ex-situ
approaches, preformed polymers on the surface of nanoparticles, especially the metallic
nanoparticles are the widely used form, with the advantages of enhancing conductivity
and mechanical stability.

2.3. The Construction of MIECs

MIECs are constructed by merging MIPs and electrochemical sensing platforms, and
MIPs contribute to the function of specific recognition. Based on the electrode, MIPs are
firstly synthesized through an ex-situ or in-situ polymerization method (Figure 3). Initiated
by an inducer (catalyst, light, electricity, etc.), functional monomer produces polymers with
molecule templates via covalent or non-covalent forces, and after polymerization of the
crosslinker, the polymers are branded with the size and shape of template molecules [41,42].
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After removing the template, the polymers remain at binding sites that are complementary
to a template. By this means, a molecular memory is recorded by the polymer, in which the
target molecule can rebind on the imprinted material with high specificity. Because of this,
the MIPs can also be used in the sample pretreatment to separate and enrich the analytes.
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Figure 3. Schematic view of the construction of MECs through an ex-situ/in-situ method.

Usually, MIPs behave with relatively low conductivity and mechanical stability due
to the poor electron transport rate (ETR) and soft structure of polymers [43]. To enhance
the specific surface area of the electrode and accelerate the ETR, some metallic nanoma-
terials such as gold nanoparticles (AuNP) are widely adopted in MECs [44]. Prior to the
polymerization, solid metallic nanoparticles are firstly modified on the electrode to provide
a new substrate for polymers, so that ex-situ or in-situ prepared MIPs could have a rigid
skeleton and a flexible surface, which are favorable for both their mechanical stability
and recognition flexibility. Meanwhile, for the design of signal output, additional signal
molecules can be introduced in the MIPs as an internal reference signal.

3. Applications of MIECs in Food Safety and Drug Detection

As a new kind of polymer material, MIPs have long been used in the field of analytical
science. Compared with natural antibodies, MIPs can be easily modified and controllable
in the affinity of receptor sites, which makes it more accessible to recognize different kinds
of molecules, no matter small ones or big macromolecules [45,46]. In addition, MIPs show
high stability, strong resistance to the environment and biocompatibility, which mean that
they are of low cytotoxicity, and can be stored and used in harsh conditions, such as in
low or high temperatures, extreme pH solutions, and strong ion strengths [47,48]. Because
of their advantages, such as being lightweight, low-cost and easy to use, electrochemical
sensors with a high diversity of electroanalytical techniques are expected to be the future
generation of analytical systems. Taking the merits of MIPs and electrochemical sensors,
MIECs behave promisingly in applications in food and drug safety detection (Figure 4).

3.1. Pathogen and Toxins

The ingestion of pathogen and toxin-contaminated food can cause severe illnesses,
which pose a huge threat to human health [45,46]. A trace level of pathogen or toxin in
the human body could inflict biological damage or even death [47]. Foodborne pathogens
such as Salmonella enterica, Listeria monocytogenes, Escherichia coli, and Staphylococcus
aureus, are responsible for poisoning food and water. Some mycotoxins produced by fungi,
such as aflatoxins, fumonisins, ochratoxin A, and patulin can also induce physiological
abnormalities in humans and animals, and most of them are tumorigenic [48,49]. Various
analytical methods have been developed for the detection of pathogens and toxins in
food samples, and MIECs have attracted much attention due to their high selectivity and
sensitivity, as well as low cost and easy operation.
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Figure 4. Schematic presentation of MIECs in the applications of food and drug safety detection.

For instance, Golabi et al. reported an electrochemical biosensor based on a whole-cell
imprinting approach, which can deliver the rapid detection of S. epidermidis [50]. The cell-
imprinted polymer with a boronic acid group endows a high affinity for bacteria, which
was further used for the label-free detection of S. epidermidis via EIS with a linear response
in the range of 103-10”7 CFU/mL. However, the presence of boronic acid groups will lead
to non-specific absorption, making it less sensitive to the target. Thus, further studies can
be carried out to eliminate the undesirable effects. Furthermore, Li et al. developed MIECs
for Listeria monocytogenes (LM) based on 3-thiopheneacetic acid (TPA) as the functional
monomer [51]. MIPs were prepared via the in-situ electropolymerization of TPA on the GCE
surface in the presence of LM, which was denoted as LIP/GCE. In this case, [Fe(CN)g]*~ /3=
is used as a probe to indicate the amount of LM. When LM cells are captured by LIP/GCE,
the imprinted cavity will be filled up with LM and the access of [Fe(CN)g]*/3 to the
electrode surface is blocked. As a result, the peak current of [Fe(CN)g]*~ /3= decreases with
the increasing LM concentration. Finally, the MIECs behaved at a low limit of detection
(6 CFU/mL) and a wide linear range (10 to 10® CFU/mL).

In addition, Guo et al. constructed MIECs for the determination of patulin based on
electropolymerization technology with modifications of carbon dots, chitosan, and Au
NP [52]. Wherein, 2-oxindole was adopted as a template to replace patulin and form the
molecularly imprinted cavity at a lower cost, and the modifiers were used to increase
electroactive areas and acquire distinct signals. The MIECs showed a linear range from
1 pM to 1 nM with the limit of detection (LOD) of 0.757 pM. Munawar et al. fabricated an
ex- situ MIPs for the electrochemical detection of fumonisin B; (FB;) [53]. The MIPs were
firstly prepared and then covalently attached to the working electrode. With the probing
redox couple of [Fe(CN)g]*~/3~, this sensor was allowed to detect FB; via the impedimetric
or voltammetric technique. The EIS and DPV techniques behaved in a linear detection
range from 1 fM to 10 pM with LODs of 0.03 and 0.7 fM, respectively.

With the aid of MIPs, MIECs can easily achieve specific and sensitive detection of
pathogens and toxins in food samples. However, the cell imprinting strategy still suffers
from partial non-specific recognition, which requires further improvement in the blotting
templates and preparation methods. On the other hand, though the electropolymerization
strategy is convenient to prepare MIPs, functionalized nanomaterials are still needed to
enhance the conductive properties of the electrodes.
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3.2. Pesticide Residue

Pesticides are favored in agriculture for crops and seed protection, as they help raise
the output of agricultural products. Though the use of pesticides can produce significant
market prospects and huge social benefits, the pesticide residues in food materials also
have deleterious effects on human health [54,55]. Most of the used pesticides and their
residues have long-term stability and biological effects due to their high persistence in the
environment [56]. For months or years, the toxicity and potential carcinogenicity of the
pesticide residues still exist [57,58]. So, the pesticide residues are easy to accumulate in
the human body through the food chain. To ensure food safety for consumers, it is vital to
develop sensitive and effective methods for pesticide residue detection. MIECs could be a
potential candidate for pesticide residue monitoring.

As an instance, Dai et al. developed novel MIECs for selective and sensitive detection
of imidacloprid residues [59]. With the strategy of dual-template molecularly imprinted
polymers (DMIPs), two different templates and thionine (TH) were electropolymerized,
and TH with redox peak acts as an internal signal. For the two templates, one is a non-
electroactive template for a single signal, and another is an electroactive template for dual
signals. Thus, non-electroactive bensulfuron-methyl (BSM) and electroactive imidacloprid
(IMI) can be detected with different modes: the occupation of the imprinted cavities with
BSM indicates a single-signal output of TH, and that of IMI shows an on-off ratiometric
signal. By this means, the sensor behaved in wide linear ranges of 10 nM-10 uM and 0.1 Mm-—
0.1 mM, with LODs of 7.8 x 10~ M and 6.5 x 10~® M for BSM and IM], respectively. This
study demonstrated the feasibility of DMIPs coupled with electrochemical techniques in
the analysis of pesticide residues, which provided a new idea to construct selective MIECs
for electroactive and non-electroactive template detection.

Based on Co304 nanowire and core-shell Co304@MOF-74 nanocomposite, Karimi-
Maleh et al. developed a MIECs method for fenamiphos (FEN) analysis [60]. After the
modification of nanocomposites on pretreated carbon electrodes, the preparation of MIPs
was carried out by the in-situ electropolymerization with pyrrole as monomer and FEN
as a template. The MIECs behaved in a linear detection range from 0.01 nM to 1.0 nM
with a limit of quantification (LOQ) and LOD of 1.0 x 10~ M and 3.0 x 10712 M, respec-
tively. Co304@MOF-74 nanocomposites provided a high surface area and fast electron
transfer rate in the detection. However, the synthesis of nanocomposites with a high
temperature may increase the cost, so it would be better to develop greener and more
energy-efficient nanomaterials.

As discussed above, MIECs can achieve specific and sensitive detection of pesticides.
Still, there are some limitations with MIECs. For example, with the popularization of
pesticides, different pesticides often exist in one food sample. It is difficult for MIECs to
detect multiple pesticides at the same time. Therefore, it can be an alternative to exploring
the MIPs with diverse functional monomers.

3.3. Heavy Metal Ions

Heavy metal ions are commonly found in wastewater and classified as water pol-
lutants. However, even in the soil, heavy metal ions are dangerous because they can be
adsorbed by crops, fruits, and vegetables [61]. For instance, heavy metals such as mercury,
lead, cadmium, chromium and arsenic are non-degradable and ubiquitously distributed,
and they are considered hazardous compounds even at a low concentration [62]. With the
intake of those heavy metal ions, people could suffer from enzyme inhibition, oxidative
stress and impaired antioxidant metabolism [63]. Hence, it is critical to develop suitable
techniques for the fast and accurate detection of metal ions. Most heavy metal ions are
electrically active and highly susceptible to exchange electrons and produce character-
istic electrochemical signals. MIECs can be the appropriate tool for the detection and
quantification of heavy metal ions.

To impart selectivity of electrochemical sensors, modifiers with a strong affinity are
commonly used to recognize target ions. For example, Motlagh et al. prepared a novel
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nanostructured cadmium(II) ion-imprinted polymers (IIPs) by a sol-gel process [64]. For the
preparation of Cd-IIP materials, an ex-situ surface imprinting strategy combined with a sol-
gel process was adopted to fabricate the carbon paste electrode. The electrochemical sensor
was employed for voltammetry detection of Cd(IT) with a linear range of 0.5-40 ug L ~! and
LOD of 0.15 pg L. Similarly, Sebastian et al. adopted Pb(II) ions as a template to prepare
ITPs by modifying multiwalled carbon nanotubes (MWCNT) on Pt electrodes [65]. The sites
imprinted in MWCNT/IIPs are highly selective to Pb(II) ions and the Pt electrode showed
a sensitive response with the modified nanostructure. CV and DPV tests were conducted
to discuss the features of the IIP electrochemical sensor. The sensing system behaved with
an LOD of 2 x 10~2 uM for Pb(II) ions, revealing promising applications in the detection of
environmental and food samples.

Similar to MIPs, the IIPs can impart electrochemical techniques with selectivity and
simplicity in the detection of real samples. However, IIPs may suffer some limitations
including low binding capacity, irregular shape, poor target site accessibility, and hetero-
geneous binding site distributions. To avoid the limitations indicated, new technologies
should be developed to prepare IIPs with good accessibility, high affinity, and selectivity
to the target ions. Due to their high porosity, adjustable structures, and good stability,
metal-organic frameworks (MOFs) can be used as efficient substrates to prepare IIPs and
construct electrochemical sensors [66].

3.4. Antibiotics Monitoring

Antibiotics are a class of antimicrobial compounds that are widely used in human
or veterinary medicine to treat diseases, especially in the livestock industry and aquacul-
ture [67]. However, the abuse of antibiotics could result in sustainable adverse effects
on human health and the environment. The constant intake of antibiotics could cause
immunopathological effects, hepatotoxicity, carcinogenicity, bone marrow toxicity, repro-
ductive disorders, or even anaphylactic shock [68]. When antibiotics enter the water and
land environment, the cycle of water will make it a significant local point of contamination.
The overdosage of antibiotics in animals can lead to antibiotic residues in foodstuffs such
as meat, chicken, egg, milk, and fish [69]. Through the enrichment of the food chain or
the transfer of water, the antibiotics will finally accumulate in the human body and pose
potential risks to human health. Therefore, it is imperative to develop effective methods of
monitoring the antibiotic residues.

Paracetamol (PR), a kind of analgesic, antipyretic and anti-inflammatory drug, and
is one of the most commonly consumed pharmaceuticals. In a normal dose, PR does
not produce any harmful side effects, however, overdose intake of the drug could cause
pancreas inflammation or even kidney damage and hepatotoxicity [70]. For instance, Dai
et al. reported MIECs for the detection of PR based on Prussian blue (PB) embedded MIPs as
a reference signal [71]. Herein, the inner layer of PB acts as an internal electrochemical signal
and the target PR as another signal. When PR molecules were captured and incorporated
with the cavity on the outer layer of MIPs, the redox current of PR increased while that of
PB decreased due to the occupied sites” blocked electron transfer, which finally manifested
as an “on and off” signal output mode. As a result, the sensor displayed a concentration
range from 1.0 nM to 0.1 mM with a LOD of 0.53 nM, as well as recoveries in the range
between 94.6 and 104.9%, revealing it is acceptable in the practical applications.

Detection resolution has been identified as an important factor in newly developed
analytical techniques, which reflect their ability to distinguish the details of analytes with
similar structures. For instance, propranolol (prop), an important and widely used -
adrenaline antagonist for the treatment of cardiovascular diseases, has a similar chemical
structure to salbutamol [72]. Moreover, prop has two enantiomers of S-prop and r-prop, and
only S-prop has pharmacological performance. Based on the reduced graphene oxide (rGO)
and chitosan-based MIPs, Liu et al. developed a differential potential ratio sensing platform
for binary molecular recognition of prop [73]. In the platform, MIPs specifically recognize
and capture prop enantiomers, rtGO acts as a conductive substrate to produce an amplified
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signal, and the potential difference between the R-/S-prop offers the ratiometric signal. As
a result, the method gained a distinct potential difference of 135 mV with a detection range
from 50 uM to 1000 uM in the racemic mixture, which reveals great potential in the fields
of pharmacological detection and clinical analysis.

Chlorpromazine (CPZ) is an antipsychotic drug used to treat psychiatric and personal-
ity disorders, and clinical monitoring of CPZ is necessary. Liu et al. presented Pt/Co304
nanoparticles and methylene blue (MB) monomer-based MIPs for selective detection of
CPZ [74]. Wherein, MB molecule in MIPs provides a fixed internal signal, and the signal of
CPZ changes with concentrations, which is a typical on/off ratiometric signal output mode.
Under optimal conditions, the method showed a linear range of 0.005-9 uM with a LOD of
2.6 nM and recoveries of 95.3-108.0% in pharmaceutical samples. The dual-signal output
mode provides built-in signal calibration to eliminate interference and adjusts the signal
fluctuation, thus can effectively improve detection stability and accuracy.

Besides food safety and drug detection, MIECs combined with nanomaterials have also
shown good performance for the screening of biomarkers. As biomarkers are closely related
to some diseases, it is important to achieve stable and sensitive detection of biomarkers
for the early diagnosis. To fulfill the rapid screening, comprehensive procedures must be
taken to treat the complex media, which usually involves preconcentration and separation.
MIECs can take the role to realize the separation and detection at the same time. For
example, Anirudhan et al. reported MIECs for the detection of 2-aminoadipic acid (2-AAA),
a diabetes biomarker, based on the surface modification of electrode with a drop-casting
method [75]. The modified MIP electrode showed good DPV results for 2-AAA with an
LOD of 0.40 x 10~ M, demonstrating the high selectivity and sensitivity of the MIECs for
real sample analysis.

4. Discussion

MIECs are a class of newly developed sensing methods that combine the sensitivity
of electrochemical techniques and the selectivity of MIPs. The most important part of
constructing MIECs is to prepare MIPs-based electrodes, which can be regarded as a form
of electrode modification with MIPs, which include the in-situ electropolymerization and
ex-situ polymerization and modification. For the electropolymerization method, it can
directly synthesize MIPs with electroactive monomers on the electrode by applying an
appropriate potential or performing CV scans. On the other hand, the ex-situ modification
of electrodes can be conducted by incubating preformed MIPs on the electrode surface,
which can be more flexible to meet the requirements for different applications. However,
the in-situ method can obtain an entire molecularly imprinted electrode without worrying
about the shed of MIPs from the electrode, which means the in-situ MIPs could exhibit a
more accurate and stable performance. In the detection process, redox products will be
generated and get fouled on the electrode surface, which could block the reversibility of
binding on the transducer surface. MIPs can decrease the foul of the electrode due to the
analyte species being freely diffused in the pores or channels of MIPs.

According to the electrochemical properties of MIPs, different signals (CV, EIS, DPV,
SWYV, etc.) can be chosen to detect the analytes. To build different signal output modes, the
detection strategies can be divided into a single signal and dual singles, and the dual-signal
output mode includes on/off and on-ff modes, which can provide a built-in correction
factor to eliminate the interferences and improve stability. As the single signal readily
changes with the external conditions, dual ratiometric signals are widely accepted as an
effective strategy to improve the detection stability and accuracy. In fact, electrochemical
detection is a process of surface reaction with the participation of electrons. In the presence
of MIPs layers, analytes can be specifically recognized through the pores or channels
and then detected with oxidized peaks. MIPs surface also acts as a film for recognition
and reaction, which can be served as a platform for studying the mechanisms such as
reaction kinetics.

169



Biosensors 2022, 12, 369

This review mainly presented the MIECs from the preparation of MIPs to various
applications. To better understand the performance of MIECs in different analytical fields,
Table 1 summarized detection parameters such as relative standard derivation (RSD), linear

detection range and LOD, revealing their good stability and sensitivity.

Table 1. Summary of MIECs methods in different applications (not given: N).

Type of

. . Test Target R Value RSD Linear Range LOD References
Application
S. epidermidis 0.9730 N 103107 CFU/mL 75 x 1078 M [50]
LM N N 10-10° CFU/mL 6 CFU/mL [51]
Pathogen and - N &) 9 3
toxins Patulin 0.9953 7.3% 1x1012-1 x 107°M 757 x 10713 M [52]
0.9899 N 0.03 M
FB1 1 fM-10 pM [53]
0.9798 N 0.7 fM
MI 0.9987 4.5% 1.0 x1077-1.0 x 1074 M 65x 1078 M [59]
Pesticide residue
FEN 0.9995 N 1.0x107111.0x10°M  3.0x 10" 12M [60]
Cd(In 0.9989 2.7% 0.5-40 pg L1 015 ug L1 [64]
Heavy metal ions
Pb(II) 0.9993 N 1-5 ppm 2 x 1072 uM [65]
PR N 1.2% 1.0 nM-0.1 mM 0.53 nM [71]
Antibiotics
monitoring s/r-Prop N N 50 uM-1000 uM N [73]
CPZ 0.9981 0.94% 0.005-9 uM 2.6 nM [74]

5. Conclusions

This review specified recent advances and applications of several newly developed
MIECs in food and drug safety. A growing number of research papers related to MIECs
demonstrate that MIPs coupled with electrochemical sensors outcompete traditional elec-
trochemical sensors in selectivity and stability. MIPs have been successfully prepared on
electrodes to specifically capture analytes with electrochemical signals. Meanwhile, the
MIP techniques can achieve one step of separation and detection with simple procedures
and easy operations. In addition to MIPs preparation, the signal output can be designed to
obtain enhanced detection robustness. For example, the dual-signal output mode is widely
used as an effective strategy to avoid signal fluctuation, and thus can improve detection
performance such as antijamming ability and reproducibility. In this regard, MIECs open a
new avenue to enhance the detection performance of traditional electrochemical methods.

Despite significant breakthroughs in the design and construction of MIECs, it still
remains a great challenge to make MIECs a powerful tool to meet the requirements in
practical applications. For instance, the molecularly imprinted electrodes are still prone to
fouling, and their surfaces are difficult to strip for further use. Furthermore, the detection
mode is still dependent on the traditional electrode system, which makes it difficult to
achieve effective and high-throughput detection. At present, there is no widely accepted
standard in practice for constructing electrochemical sensors, so the detection reproducibil-
ity could not be guaranteed. To overcome these limitations, the preparation of MIPs must
be improved to obtain a more homogeneously binding site population with a high affinity
for the target analyte. It can be another way to break the limitations by merging MIECs
with nanotechnology to construct new nanobiosensors [76]. It is urgent to improve the
protocols of MIECs with specificity, selectivity, and sensitivity in commercial applications.
As the electrochemically synthesized MIPs are complex and versatile, it is also important to
study the mechanism and set common criteria for the preparations. Considerable effort
has been devoted to dealing with the above problems. We believe that in the near future,
the limitations of MIECs will be successfully addressed and the MIECs will occupy an
important position in the sensor market.
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Abstract: Due to the lack of efficient bioelectronic interfaces, the communication between biology
and electronics has become a great challenge, especially in constructing bioelectronic sensing. As
natural polysaccharide biomaterials, chitosan-based hydrogels exhibit the advantages of flexibility,
biocompatibility, mechanical tunability, and stimuli sensitivity, and could serve as an excellent
interface for bioelectronic sensors. Based on the fabrication approaches, interaction mechanisms,
and bioelectronic communication modalities, this review divided chitosan-based hydrogels into four
types, including electrode-based hydrogels, conductive materials conjugated hydrogels, ionically
conductive hydrogels, and redox-based hydrogels. To introduce the enhanced performance of
bioelectronic sensors, as a complementary alternative, the incorporation of nanoparticles and redox
species in chitosan-based hydrogels was discussed. In addition, the multifunctional properties of
chitosan-based composite hydrogels enable their applications in biomedicine (e.g., smart skin patches,
wood healing, disease diagnosis) and food safety (e.g., electrochemical sensing, smart sensing,
artificial bioelectronic tongue, fluorescence sensors, surface-enhanced Raman scattering). We believe
that this review will shed light on the future development of chitosan-based biosensing hydrogels
for micro-implantable devices and human—machine interactions, as well as potential applications in
medicine, food, agriculture, and other fields.

Keywords: chitosan; bioelectronic sensors; biomedicine; food safety

1. Introduction

Flexible bioelectronic sensors have emerged to mimic biological functions, includ-
ing human motion tracking [1,2], health monitoring [3,4], disease diagnosis [5], artificial
bioelectronic tongues [6], and so on. Intrinsically, biology and electronics are essentially
different, both in their mechanical and sensory properties. Electronic devices are solid and
robust, while biological tissue is soft and elastic. On the other hand, their methods of signal
transmitting are distinct from each other. Electromagnetic radiation makes long-distance
communication possible, but this method does not exist in biological systems. Another
challenge of bioelectronic sensors is to select reliable communication modalities at the
interfaces connecting the device and biological tissue. Thus, it is of critical significance to
bridge the gap between electronics and biology, with the end goal of fabricating a flexible
bioelectronic interface and enlisting proper signaling modalities for bioelectronics.

Hydrogels have become competitive candidates due to their analogous tissue structure,
excellent biocompatibility, and tunable functions [7-10]. The properties of hydrogels can be
easily changed by external stimulus. For instance, chitosan forms hydrogels at a pH over
6.5; agarose and gelatin are dissolved at high temperatures; and alginate and calcium ions
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can form gels [11-14]. Therefore, hydrogels are able to act as an excellent interface for the
perception and transition of biological signals.

Chitosan is a natural polymer derived from chitin, which exists widely in nature [15].
It is a prospective material for flexible bioelectronics, owing to its biosafety, chemical reac-
tivity, similar water content, and Young’s moduli to tissue and cells, as well as its dynamic
reconfigurable functions [16]. Biosensors with adhesive properties that can attach to wet
and dynamic surfaces have drawn much attention in tissue engineering, human-machine
interfaces, and wound dressings. As such, a carrier is required to connect biology and elec-
tronics. Chitosan exhibits antimicrobial and biocompatible properties, and it also serves as
a good bio-adhesive [17]. Thus, chitosan-based hydrogels show great potential to construct
a simple, biocompatible, and multifunctional interface between biology and electronics.

Figure 1 demonstrates the mechanism of chitosan-based bioelectronic sensors from
bio-recognition to data processing. Therein, chitosan-based hydrogel acts as a bridge to
connect biology and electronics, and the analytes can be recognized by bio-elements such as
antibodies and aptamers. Then, the interaction is transferred to optical/electronic signals,
which are finally amplified into measurable outcomes. This review aims to summarize
the fabrication approach and the interaction mechanism of chitosan-based composite
hydrogels. We briefly classified the hydrogel bioelectronics into four types [18]: (i) electrode-
based hydrogels, (ii) conductive materials conjugated hydrogels, (iii) ionically conductive
hydrogels, (iv) redox-based hydrogels. Afterward, we discussed the recent progress of
chitosan-based composite hydrogels in biomedicine and food applications. Finally, we
concluded the challenges and perspectives of chitosan-based hydrogel bioelectronics in
further applications.
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Enzyme Antibody Aptamer
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Chitosan-based Redoxspecies €@ signal transduction
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Figure 1. Schematic illustration of chitosan-based bioelectronic sensors.

2. Fabrication and Interaction Mechanism of Chitosan-Based Hydrogels

Chitosan is a kind of stimuli-sensitive polymer with reactive amine and hydroxyl
groups, which endow chitosan-based hydrogels with functional properties (e.g., self-
assemble, self-healing, shape memory, etc.) [19]. The interaction between hydrogels and
biology strongly depends on the communication modality of bioelectronics. The conductiv-
ity of bioelectronic sensors is easily obtained by integration of metal nanomaterials [20-23],
carbon-based nanomaterials [1,24-27], or other conductive polymers (e.g., polyaniline,
polypyrrole) [28,29] into hydrogel networks. Furthermore, the redox-active polymers can
also communicate with biological molecules through redox modality, which is widely used
for signal processing in biology [30,31]. As illustrated in Figure 2, we summarized the
hydrogel bioelectronics into four types: conductive electrode-based chitosan hydrogels,
electron conductive polymers integrated chitosan hydrogels, ionic conductive polymers
combined chitosan hydrogels, and redox-active species modified chitosan hydrogels.
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Figure 2. Chitosan-based hydrogels. (a) Electrode-based chitosan hydrogels. (b) Electron conductive
polymers integrated chitosan hydrogels. (c) Ionic conductive polymers combined chitosan hydrogels.
(d) Redox-active species modified chitosan hydrogels.

2.1. Electrode-Based Hydrogels

The pH cues generated by electrical signals can induce self-assembly of chitosan on
the electrode surface to form hydrogels (Figure 3a). Thus, the hierarchical structure of
chitosan-based hydrogels can be programmed and reconfigured by controlling electrodes
and electrical inputs [32]. The electrochemical technique is simple, spatially controllable,
and allows for bioelectronic applications. As shown in Figure 3b, patterned hydrogels are
easily achieved by varying the electrode shapes and electrical signals, thus endowing the
materials with unique functions and properties [33]. Electrodes can also be used to print
patterns on hydrogels. As an example, Silva et al. introduced an electro-assisted printing
approach to fabricate patterned chitosan and alginate conductive hydrogels on gold and
ITO electrodes through covalent cross-linking and ionic polymerization mechanisms [34].
Figure 3c demonstrates that the UoS letters were printed using a high-molecular-weight
chitosan at 1.8 V. The unique pH-responsiveness of chitosan allows it to form hydrogels
easily on the electrode.

2.2. Conductive Materials Conjugated Hydrogels

The conductivity of hydrogels is easily achieved by integrating with conductive mate-
rials [35,36]. Metal nanoparticles and nanowires are intensively adopted to impart electrical
conductivity to hydrogels. However, the heavy aggregation and poor stretchability limit
their applications. Thus, the assembly of nanomaterials into the three-dimensional (3D)
structure of hydrogels has attracted much attention. For instance, Yu et al. proposed a
flexible and robust bioelectronic aerogel based on silver nanowires (AgNWs) assembled
by a chitosan network and in situ synthesis of poly(acrylamide-sodium acrylate) hydro-
gel [37]. The composition of AgNWs enhanced the mechanical and antibacterial properties
of the hydrogels, providing a new approach for the construction of 3D nanostructures into
the hydrogels.

Another effective strategy for the fabrication of conductive bioelectronics is through
in situ polymerization. For example, Duan et al. synthesized an ultra-stretchable, tough,
and conductive chitosan-based hydrogel through in situ polymerization of acrylamide
and aniline [29]. Lin et al. enlisted the graft copolymerization mechanism to fabricate
highly conductive chitosan-polyacrylate/polyaniline hydrogels with good electrochemical
performance [38]. The stretchability and conductivity properties of flexible hydrogels
enable the bioelectronic applications. Some studies focused on the antibacterial properties
of hydrogels. Based on the polymerization of pyrrole grafting, Zn?* chelating, and borax
cross-linking, Zhang et al. prepared conducting, self-healing, and antibacterial chitosan-
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based hydrogels with the ability to promote wound healing [39]. Conductive nanomaterials
and polymers which conjugate chitosan hydrogels are promising for flexible bioelectronic
interfaces due to their adhesive, mechanical, and conductive properties.

(a) Chitosan-based hydrogels induced by electrical signal
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Figure 3. Electrofabrication of electrode-based chitosan hydrogels. (a) Chitosan-based hydrogels
induced by electrical signals. (b) Patterned hydrogels formed by varying electrical signals or electrode
shapes. (c) Electro-assisted printing of chitosan hydrogels. Adapted with permission from ref [33].
Copyright (2022) Springer Nature.

2.3. Ionically Conductive Hydrogels

Bioelectronic sensors based on electronic conductive hydrogels can communicate with
biology using electrical signals. However, when the hydrogels are attached to skin or
tissue, some metal nanomaterials may do harm to the cells. Moreover, conductive material-
conjugated hydrogels are usually not transparent, and may limit their ability to visually
detect the target products. Therefore, the strong demand for biocompatibility and the
transparency of the hydrogels makes them essential in the bioelectronic applications on
some special occasions (e.g., soft biosensors, optoelectronic sensors, etc.) [40]. The biology
(e.g., the nervous and neuromuscular systems) can perceive signals through ionic electrical
modality [31]. Thus, ionic conductive hydrogels can serve as an excellent transparent
interface for the communication between biology and electronics.

Ionic hydrogels usually contain three important elements, which are water, poly-
mer, and ionic conductors [41]. Ionic conductors are ionotronic, conductive, and water-
dependent. Therefore, water is used as a medium to dissolve and transport ions, while
polymers provide mechanical strength and 3D network structures of the hydrogels [42,43].
(Poly)electrolytes are usually introduced into hydrogels to acquire ion conductivity, includ-
ing metal salt ions (lithium chloride, sodium chloride, potassium chloride, and aluminum
chloride) [44-50] and Zwitterionic [51,52]. For instance, Khan et al. introduced a novel
chitosan/poly(acrylamide-co-acrylic acid) hydrogel with self-healing and anti-freezing
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properties, while the ion conductivity was achieved through sodium chloride electrolytes.
Thus, the employment of ionically conductive chitosan-based hydrogels has broadened the
biomimetic applications, such as artificial bioelectronic tongues to detect food safety and
quality, and smart actuators or robots to diagnose diseases in human body.

2.4. Redox-Based Hydrogels

There are three main communication modalities that biology uses for signal processing,
including the ionic electrical modality, the molecularly specific modality and the redox
modality [30,31]. Recently, redox modality has been verified as an effective approach for
biology communication. For instance, reactive oxygen species (ROS) may cause oxidative
stress, may promote the connections between the gut microbiota and the brain [53,54], and
are relevant to some neurodegenerative diseases (Alzheimer’s and Parkinson’s disease),
aging [55], etc.

Phenolic compounds are abundant antioxidants in nature, and phenolic hydroxyl
groups exhibit redox activity. As illustrated in Figure 4a, catechol—chitosan hydrogel can
be fabricated on the electrodes by applying an oxidative potential. The phenolic hydroxyl
group of catechol moieties can be easily oxidized under electrochemical conditions and
grafted with the amino group of chitosan through a Michael type or Schiff base reaction [56].
Figure 4b demonstrates that catechol patterns can be printed on the surface of the chitosan-
based hydrogel by moving the electrode and imposing positive voltage [57,58].
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Figure 4. Redox-based hydrogels. (a) Electrofabrication of catechol-chitosan hydrogel. (b) Elec-
tropatterning of catechol-chitosan hydrogel. (c) The redox cycling and cyclic voltammogram of
redox-based catechol—chitosan hydrogel. Adapted with permission from ref. [30]. Copyright (2019)
ACS publications.
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As shown in Figure 4c, catechol-modified chitosan hydrogel serves as a redox capacitor.
The redox states of catechol are reversibly switchable in the presence of redox mediators.
Thus, electrons can be transferred and stored between the electrode and the redox active
catechol-chitosan hydrogel [59]. The catechol-chitosan hydrogel is able to interact with
biological information, such as reactive oxygen species (NO, H,O,) [60,61], virulence fac-
tors of pathogenic bacteria (Pyocyanin) [62], bio-related reductants (NADPH [63], ascorbic
acid [64], oxidants (O,) [65]), etc. For instance, Wu et al. fabricated a catechol—chitosan-
based microfluidic channel modularity, which enables the in situ monitoring of information
in biology [66]. Furthermore, the incorporation of nanoparticles enhances the performance
of hydrogels and synergistically amplifies the redox-based electrochemical signals. For
instance, Yan et al. added magnetic nanoparticles into a catechol-chitosan redox capac-
itor and allowed the chemical signals to be converted and amplified enzymatically and
magnetically [67].

3. Functional Properties and Applications of Chitosan-Based Hydrogels

Biomimetic flexible, wearable, and implantable devices have attracted much attention
in biomedical and food applications. Figure 5 gives a list of characteristics of chitosan-based
bioelectronics, including stimuli-sensitive properties, tunable mechanics, good biocompati-
bility, strong tissue adhesion, optical transparency, flexible and conductive substrate, and
self-healing and antibacterial functions [68].
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Figure 5. Properties and applications of chitosan-based hydrogels.

These properties of hydrogels provide the capability to communicate between biology
and electronics, which sheds light on its applications in biomedicine (e.g., smart skin
patches, wood healing, disease diagnosis) and food safety (e.g., electrochemical sensing,
smart sensing, artificial bioelectronic tongues to detect food quality and safety, fluorescence
sensors, and the surface-enhanced Raman scattering approach for signal amplification).

4. Biomedical Applications

Chitosan-based hydrogels have been researched extensively in the bioengineering field
for their simple fabrication, non-toxicity, and good biocompatibility [69]. The bioelectronic
communication abilities of smart skin patch hydrogels enable human health diagnoses
and signal interaction. The adhesive and antibacterial abilities of hydrogels promote wood
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healing and prevent secondary injuries. The biomedical applications of chitosan-based

hydrogels as bioelectronic sensors are shown in Table 1.

Table 1. Chitosan-based bioelectronic sensing and its biomedical applications.

Interaction

Materials Hydrogel Types Mechanisms Properties Applications Ref.
. Mechanic tunable, adhesion
%liltag:;gl/zegl acrvlic acid Conductive polymers  Polymerization, reversible, pH sensitive, Smart ionic skin [70]
hydrogel polyacry combined hydrogel physical cross-linking thermosensitive, biosafe, patch
yArog! self-healing, conductive
. - Combined . . Biocompeatible, injectable,
g)l(;ﬁgssﬂrfgﬁg;;sg }r:;,%}rlilglgl biopolymeric E’ég?g‘l}?‘g’ condensation thermally stable, promotes Cardiac healing [71]
conductive hydrogel gene expression
Catechol-chitosan hydrogel }I?}e]ﬁ;)())(;fﬂve Chemical cross-linking ﬁecgzzt\a/f{cself—sealmg, ii‘gﬂszzggng [72]
Chitosan-polypyrrole/Zn- P - .
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E:rlggf Prifer;?el chitosan Gold electrode-based ~ Polymerization, non-immunogenic, flexible, Real-time wound 173]
Y y hydrogel chemical cross-linking conductive, antioxidant, monitoring
hydrogel adhesive
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. - . ymerization, Flexible, antibacterial, Wound
g;r)llllear é gl}lﬁ)s(ir;l/e human-like Con;i)gctg/;pglymelrs chemical and physical electroactive, bio-adhesive, treatment, health  [74]
8 combined hydroge cross-linking self-healing, hemostatic monitoring
sheets/graphene hydrogel
Quaternized
chitosan/ oxidized' Conductive polymers Polymerization, Transparent, antioxidant, Drug Release
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hydrogel
Chitosan quaternary Flexible, conductive,
ammonium salt/ sodium POlyeleC,;m}Ilytg 1 Physical cross-linking biocompatible, adhesive, Wound healing [76]
alginate hydrogel composite hydroge hemostatic
Chitosan/carbon nanotubes Gold electrode-based Point-of-care
h Physical cross-linking Conductive, redox active testing for [77]
ydrogel hydrogel tumors
Catechol-chitosan-diatom Tonically conductive Chemical and physical EK) it;;ab;tei,bsllguslﬁ}_tﬁgl'alﬁﬁle, Real time health 78]
hydrogel hydrogel cross-linking P ’ & monitoring

self-powered

4.1. Smart lonic Skin Patch

Hydrogel exhibits similarities to human skin, and can be used as a smart ionic skin
for health monitoring [79]. Moreover, the hydrogel bioelectronics offer the ability to sense
external stimuli and transmit signals in biology. Much attention has been focused on
hydrogel-integrated bioelectronics, including the performance of the hydrogels and the
interaction between the hydrogel and the environment (e.g., external stimuli). However, it
remains a challenge to prepare hydrogels that sense and respond to multiple signals simul-
taneously. Shi et al. developed a smart quaternized chitosan—polyacrylic acid hydrogel skin
patch, which exhibited excellent conductivity, biosafety, and tunable adhesive ability [70].
The hydrogel skin patch offers bioelectronic temperature- and pressure-sensing functions
that can even distinguish different physiological signals simultaneously.

4.2. Wood Healing

The adhesive ability of biology and electronics together is also of critical importance
for flexible bioelectronics. Existing tissue adhesives are cytotoxic, incompatible, and easily
fall off [80]. Therefore, the fixation, biosafety and tunable adhesion of hydrogel are required
on tissue or skin to avoid secondary damage and to promote wound healing [81]. The
secondary damage and even inflammation may be caused when the hydrogel patch is
removed from the skin [3,82]. Thus, the ability of hydrogels to reversibly adhere to wet
and dynamic surfaces is critical in tissue engineering and wound healing. Mussel inspired
biomimetic hydrogels have been extensively studied because of their reversible adhesive
properties [83,84]. Catechol-chitosan-coated needles can even prevent blood loss in clinical
experiments [72]. However, the adhesion generated from catechol chemistry is insufficient.
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Recently, bioinspired [44,51] and tough adhesives inspired by slugs’ defensive mucus [85]
have been proposed to have strong and dynamic adhesive abilities. Tough hydrogel
adhesion has been proposed based on topology connection and dissipation mechanics [86].
Li et al. established tough adhesives for various wet and dynamic surfaces through the
synergy of two layers: chitosan, as the interfacial bridging layer, shows an adhesion energy
of over 1000 ] m~2; while the alginate-polyacrylamide hydrogel matrix layer can dissipate
energy during deformation [85].

Considering the antibacterial and bioelectronic communication requirements for
wound dressings, metal nanomaterials are incorporated into hydrogels. To avoid wound in-
fection and inflammation, Pan et al. assembled AgNWs into chitosan networks and demon-
strated a novel adhesive hydrogel conductor through in situ poly(acrylamide-sodium acry-
late) hydrogel polymerization in a chitosan-AgNW aerogel structure. The aero-hydrogel
hybrid conductor, with adhesive, biocompatible, and anti-bacterial capabilities, can be used
as an excellent flexible bioelectronic interface for soft implantable devices [37].

4.3. Disease Diagnosis

The development of a bioelectronic sensor that can recognize the molecules in bio-
logical fluids and enable point-of-care detection is of critical importance. Catecholamines
(e.g., dopamine, noradrenaline) are relevant to memory, cognition, and some diseases [87].
Shukla et al. fabricated a chitosan-based composite hydrogel embedded with carbon
nanotubes, and explored two models for electrochemical information processing. The
electrochemical sensor platform was able to quickly and efficiently detect the dopamine in
urine samples without pre-treatment, which offers potential capability for clinical diagnosis
and therapeutic monitoring of pheochromocytoma as well as other diseases [74]. However,
the oxidation of dopamine may cause the contamination of the electrode, making it unable
to be reused. Kim et al. proposed a catechol-chitosan—diatom hydrogel, which is flexible,
self-healing, and conductive. The self-powered bioelectronic sensor can be used to diagnose
body vibrations of Parkinson’s patients [75].

5. Food Quality and Safety Detection

In recent years, as the factories and industries have accelerated the economic boom,
their wastes and byproducts have severe effects on the environment (e.g., atmosphere, water,
oil), with various contaminants. The absorption of contaminants, especially heavy metals,
by animals and plants is mainly driven by the level of contaminants in the environment and
their accumulation and transformation in living organisms. Finally, some contaminants
will be transferred to the human body through the food chain. On the other hand, with
the common occurrence of food safety issues, food safety has become a highlighted public
concern worldwide. Food contaminants such as pathogens, pesticides, and biotoxins induce
food poisoning or diseases, which can cause serious threats to human health. Therefore,
it is essential to develop rapid, sensitive, and accurate methods for the detection of such
food contaminants.

The traditional methods to monitor food quality and identify adulterated food prod-
ucts include HPLC, GC-MS, and chromatography [88,89]. Although these methods are
effective, they are usually time-consuming, cost-prohibitive, and complex to operate. New
devices (e.g., electrochemical sensors, cellphones) and methods (e.g., artificial bioelectronic
sensing) are being developed and applied in food quality and safety detection [90,91].

5.1. Electrochemical Biosensing

The electrochemical biosensor platform has developed rapidly due to its simple opera-
tion, low cost, quick response, and high sensitivity. Chitosan hydrogel is able to immobilize
biomolecules, which offers biosensing ability for the detection of nutrients (e.g., glucose,
antioxidants) and toxic species (e.g., pesticides, mycotoxins, heavy metal ions) in food
products [92]. Artigues et al. fabricated a glucose oxidase-immobilized and a titanium
dioxide nanotube-coated chitosan biosensor, which showed great stability (20 days) and
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sensitivity (8.53 + 2.39 pA mM ') for glucose detection in various food samples [93].
Ochratoxin A (OTA) is a highly toxic mold metabolite that widely contaminates food prod-
ucts. Li et al. developed chitosan/dipeptide nanofibrous hydrogels modified with DNA
and OTA aptamer. The concentration of OTA can be detected with a low detection limit of
0.03 ng mL~!. Moreover, the biosensor can be applied in white wine samples according to
the impedance changes [94].

5.2. Smart Sensing

Smart phones are commonly used in our daily life. The high resolution of the cam-
era and various apps in cellphones provides the ability to quickly analyze information.
Enzyme-based biosensors can recognize the target markers and transduce the signal into
an amplified and measurable signal. Wu et al. fabricated a catechol-patterned chitosan
hydrogel that can identify high-fructose corn syrup in real samples. The grafted catechol
moieties are able to accept electrons from glucose through an enzymatic reaction, and the
changes in optical signal can be easily analyzed by smart phone imaging [95].

5.3. Artificial Bioelectronic Tongue

The tongue is sensitive to five basic tastes, namely sweet, sour, bitter, salty, and
umami. Various bioelectronic tongues are widely used to detect the quality and safety
of foods [96,97]. Water-soluble flavors can be identified by changes in electrical signals
generated by binding receptors or ion migration [98]. The concentration of different tastes
is a key point in the food industry, as it affects the flavor of foods and beverages. Moreover,
a bitter flavor is related to some poisons [99]. Therefore, the application of artificial
bioelectronic tongues in food detection, the pharmaceutical industry, and environmental
monitoring has attracted significant attention. As shown in Figure 6, Khan et al. fabricated
a chitosan/poly(acrylamide-co-acrylic acid) hydrogel-based bioelectronic sensor to mimic
the human tongue with a detection limit at the micromolar level. The bioelectronic tongue
is flexible, self-healing, and anti-freezing, so it can also work in a —5 °C environment [6].
Nanostructured hydrogel sensors enable improved capabilities of the bioelectronic tongue.
Salvo-Comino et al. proposed a bi-sensor using layer-by-layer construction of anionic
sulfonated copper phthalocyanine, chitosan, and ionic liquid. Galactose oxidase was
immobilized on the top of the layer, and offers the ability of detecting lactose concentration
and freshness of milk [100].
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Figure 6. (a) Schematic and photograph of a chitosan-based bioelectronic sensor. (b) Selective sensing

of five tastes and astringency by E-tongue. (c) Cyclic voltammetry measurement of real beverage

samples. Adapted with permission from ref [6]. Copyright (2022) Elsevier.

5.4. Fluorescence Sensors

Due to their high sensitivity, strong selectivity, ease of use, good portability, and non-

invasiveness, chitosan-based fluorescent probes have been widely used in the detection of
food contaminants, especially of heavy metals. Different mechanisms have been reported
on fluorescent probes interacting with food contaminants, including intramolecular charge
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transfer enhancement and fluorescence quenching. The former mechanism leads to a
fluorescent “turn on” response, and the latter one gives “turn off” signals.

Based on the Schiff base formation reaction, fluorescent chitosan hydrogels (FCHs)
were obtained by introducing fluorophore BODIPY onto chitosan [101]. The combination
of FCHs with Hg?* /Hg* led to the quenching of the fluorescence, which showed strong
selectivity for Hg?* /Hg* with an adsorption capacity of 120.79 mg-g~!. With the functional
modification of chitosan, they were multi-functionalized with strong selectivity, high
adsorption capacity, hydrophily, etc.

5.5. Surface-Enhanced Raman Scattering

SERS, short for surface-enhanced Raman scattering or surface-enhanced Raman spec-
troscopy, is a surface sensitive technique coupled with a rough metal surface, known as a
SERS substrate. The incident laser stimulates the electrons on the SERS substrate surface to
produce surface plasmon resonance with surface-attached molecules, which can greatly
enhance the Raman signal. As a rapid, non-destructive, and sensitive method, SERS has
been widely applied in the detection of food contaminants.

A biosynthesis method was proposed for the preparation of Au-embedded chitosan
(Au@CS) by adding AuCly ions into chitosan [102]. Using this method, the flexible
Au@CS acted as a reliable and sensitive SERS substrate, which enabled label-free de-
tection of melamine in milk and thiamethoxam in fruit peels, with limits of quantification
of 1.5 mg/kg and 0.001 mg/kg, respectively. Furthermore, a labeled SERS aptasensor
was proposed for the detection of E. coli based on silver nanoparticles and E. coli aptamer
(Apt)-modified chitosan (Apt-Ag@CS) [103]. When Apt-Ag@CS was further incubated
with E. coli, 4-mercaptobenzoic acid (4-MBA), and apt-modified gold nanostars, it allowed
for specific Raman signal amplification and detection of E. coli, with a detection limit of
3.46 CFU/mL. Chitosan-based SERS substrates provided a new direction for the detection
of E. coli in practical food samples.

6. Conclusions and Future Prospects

Chitosan hydrogels serve as an excellent interfacial material to bridge biology and
electronics, and have the capability for bioelectronic communication due to their bio-
compatibility, stimulus response, and tissue-like structure. Compared to other materials,
chitosan-based hydrogels are simple to fabricate (physical and chemical methods), re-
configurable (reversible structure), and easy to modify (functional groups), so they have
unique properties and behaviors (e.g., self-healing, adhesion, conductivity, etc.). This
review illustrates the fabrication and mechanism of four types of chitosan-based hydro-
gel bioelectronics, including electrode-based hydrogels, conductive materials conjugated
hydrogels, ionically conductive hydrogels, and redox-based hydrogels. The combination
of different materials imparts functional properties to the hydrogels. For instance, the
integration of nanoparticles enhances the mechanical properties and conductivity of the
hydrogel, the modification of catechol provides redox activity and adhesion of hydrogel,
etc. The functional properties of chitosan-based composite hydrogels give it its potential
application in biomedicine and food safety. Chitosan-based hydrogels can be used as smart
skin patches, wound dressings, or disease diagnosis biosensors. In food safety inspection
and quality supervision, chitosan-based hydrogels can be used as a smart sensor to verify
adulterated or fake foods, and as artificial bioelectronic tongues to detect food quality
and concentration.

However, there are still some limitations for the broad application of chitosan-based
hydrogels. The primary one is the impact of the addition of nanoparticles on biosafety.
Therefore, the concentration and cytocompatibility of different nanoparticles should be
investigated. The network structure of the hydrogel is also beneficial for the encapsulation
and immobilization of nanoparticles. The second is that the reusability of biosensors needs
to be improved. This requires elucidating the contamination mechanism of electrodes
and constructing sensor interfaces with anti-fouling capability. Additionally, the ability of
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chitosan-based bioelectronic sensors to access biological information and actuate signals
requires further investigation. A mediated electrochemical probing system and information
analysis offers an opportunity for biodevice communication [58].

In the future, chitosan-based hydrogels are promising as self-powered biosensors that
can harvest energy from living organisms, and can also be used for health monitoring
and real-time monitoring [104]. Its potential applications include microchip sensors for
wireless communication and wireless electricity charging [5], as well as soft implantable
biosensors that perform multiple tasks. Moreover, human-machine interaction is expected
to be achieved through bioelectronic communication [105]. It is expected that multi-scale
networked and automated monitoring will be achieved through machine learning by con-
necting materials, device design, and artificial intelligence. We believe that chitosan-based
composite hydrogels will overcome these challenges and enable widespread applications
in biomedical, food, agricultural and other fields in the future.
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