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Abstract
A corn-like CeO2/C coaxial cable textured by a cerium oxide shell and a carbon core was designed to sense NO. The carbon core
possesses high electrical conductivity, and the CeO2 surface delivers excellent electrocatalytic activity. The sensor,
typically operated at 0.8 V (vs. Ag/AgCl), exhibits a detection limit of 1.7 nM, which is 4-times lower than that of CeO2

nanotubes based one (at S/N = 3). It also displays wide linear response (up to 83 μM), a sensitivity of 0.81 μA μM−1 cm−2,
and fast response (2 s). These values are highly competitive to that of a CeO2 tube (0.92 μA μM−1 cm−2 and 2 s). The sensor was
used to quantify NO that is released by Aspergillus flavus.
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Introduction

Food spoilage can result in large economic losses and cause
various diseases, such as dysentery, hepatitis, cancer, and even
death [1, 2, 3, 4, 5]. Therefore, detecting such spoilage early is
an ongoing and imperative need to ensure food safety

worldwide [6, 7]. When several types of agricultural crops
begin to spoil, a large amount of the ubiquitous saprotrophic
and pathogenic filamentous fungus Aspergillus flavus
(A. flavus) is produced [8, 9]. Subsequently, small molecules
like reactive oxygen and nitrogen species (RONS) will be
produced during metabolism of A. flavus. Hence, the status
of crop storage can be estimated based on the in situ and real-
time detection of nitric oxide (NO) [10, 11]. In addition, NO is
a representative type of RONS, which is a diffusible bioactive
molecule and plays numerous important signaling roles in
biological processes [12]. Nevertheless, NO can be quickly
oxidized and has a short biological half-life (6 s), thus low
concentrations of NO make the real-time, quantitative detec-
tion very difficult [13, 14]. Although electron spin resonance
(ESR), fluorometry, spectrophotometry, chemiluminescence,
and electrochemistry are available NO sensing detection
methods, all exhibit some disadvantages and are not complete-
ly reliable [15–19]. For instance, ESR requires expensive
equipment and the corresponding trapping agent and can only
detect paramagnetic materials. Fluorometry has poor repeat-
ability, while spectrophotometry has poor selectivity and re-
quires fresh HbO2 and hysteresis during detection.
Chemiluminescence requires additional reagents and has a
poor selectivity. As the most promising technique, the electro-
chemical method has advantages of low-cost, simplicity, fast
analysis, miniaturization, and high sensitivity. It provides a
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remarkable opportunity to achieve in situ real-time detection
of NO in complex biological systems [20].

Generally, natural enzymes have a surprising high catalytic
activity and specificity [21]. Yet, natural enzymes suffer from
the strict operating situation, short lifetime, and poor repro-
ducibility, which limit the development of enzyme-based elec-
trochemical sensor [22]. The construction of various
nanomaterials with tailored textures has provided tremendous
momentum for different analysis platforms and bioelectrical
sensors [23]. Unfortunately, small-sized nanomaterials easily
penetrate into A.flavus by endocytosis and cause toxicological
damage by producing and eliminating RONS, affecting the
accuracy of identification [24]. While large-sized materials
are more bio-safe and cannot enter A. flavus, they are unable
to detect target molecules effectively due to insufficient activ-
ity [25, 26]. Inspired by the unique natural structure of corn,
the assembly of tiny nanoparticles on a solid fiber core can
maintain their excellent reactivity and can also prevent them
from entering A. flavus and affecting the accurate measure-
ment of NO. Furthermore, the conductive fiber core has fast
response.

Hence, in this work, the CeO2 was selected as the
electroactive nanomaterial due to its reversible redox reaction
between Ce3+ and Ce4+, boosted catalytic activity, and excel-
lent adsorption and reactivity toward NO [27]. As the inspira-
tion for engineering the unique fiber structure, we considered
electrospinning technique to construct the core-like CeO2/C
coaxial cable. By regulating the solution composition,
electrospinning parameters, and calcination condition, a
unique corn-like coaxial cable textured by cerium oxide shell
and carbon core (CeO2/C) was successfully fabricated. As
shown in Scheme 1, owing to the high conductivity of the
carbon core and excellent activity of CeO2 surface, the
CeO2/C based biosensor exhibits a satisfactory detection limit,
which is lower than 4 times that of CeO2 nanotubes. It has
excellent selectivity, good sensitivity (0.92 μA μM−1 cm−2),
fast response time (2 s). An obvious current response was also
observed when our designed CeO2/C coaxial cable was used
to detect NO released from A. flavus, which reveals that the
coaxial cable structure can provide an excellent analytical
platform for biological detection.

Experimental section

Reagents and chemicals

Cerium chloride heptahydrate (CeCl3·7H2O, 99.5%), polyvi-
nyl pyrrolidone (PVP, MW = 1,300,000), citric acid anhy-
drous (C6H8O7, 99.5%), N,N-Dimethylformamide (DMF,
99.5%), absolute ethanol (C2H5OH, 99.7%), uric acid (UA,
99%), dopamine (DA, 98%), ascorbic acid (AA, 99%), calci-
um chloride anhydrous (CaCl2, 96%), potassium nitrate

(KNO3, 99%), sodium carbonate (Na2CO3, 99.5%), potassium
superoxide (KO2, 96.5%), pendimethalin (PE, 99%), 2,2-bis
(p-chlorophenyl)-1,1,-trichloroethan (DDT, 100 μg/mL), hy-
droquinone (HQ, 99.5%), 3-hydroxy-5-methylisoxazole (HY,
99.8%), catechol (CA, 99%), quercetin (QU, 99.5%), hista-
mine (HI, 96%), mercury chloride (99.5%), cadmium nitrate
tetrahydrate (99%), lead chloride, phosphate buffered saline
(PBS, 0.01 M, pH = 7.4), polysorbate (Tween-80), cinnamic
aldehyde (CIN, C9H8O, 99.5%) were bought from Aladdin
Reagent in China (https://www.aladdin-e.com). Nafion
(5 wt%) and hemoglobin (Hb) were bought from Sigma-
Aldrich (https://www.sigmaaldrich.com/china-mainland.
html). Tween-80 was of cell culture grade. Other chemicals
were of analytical grade and used directly without any purifi-
cation. In all experiments, deionized water (18.2 MΩ·cm) was
used.

Apparatus and characterization

Field emission scanning electron microscopy (FESEM, JSM-
7800F) and transmission electron microscopy (TEM, JEOL-
2100) were used to observe the morphology of the samples.
The crystal structure of all samples obtained in our work was
characterized by powder X-ray diffraction (XRD, Shimadzu
XRD-7000) with Cu Kα source radiation. Raman spectrum
(Renishaw, UK) was recorded using an Invia Refl under am-
bient conditions. Thermo Gravimetric Analyzer (TGA, Q50,
USA) was used to study the thermal properties of the samples.
The surface information of samples was obtained from X-ray
photoelectron spectroscopy (XPS, Escalab 250xi, USA). The
electrospinning apparatus was constructed with a high voltage
power supply (DW-P503-1 AC, Dongwen, China), receiving
roller (21K6RA-C), and syringe pump (Harvard apparatus
U.S.A.). The electrochemical tests were performed on the
CHI660 electrochemical workstation from CHI Instruments
Inc.

Preparation of the CeO2/C, CeO2 nanotubes
and carbon nanofibers

First, 2 mmol CeCl3·7H2O, 2 mmol C6H8O7, and 1.0 g PVP
were dissolved in 10 mL DMF to form a homogeneous solu-
tion under constant stirring at room temperature for 12 h.
Then, the solution was filled into a plastic syringe with 22-
gauge needle to provide 25 kVat 0.5 mL h−1, and the receiv-
ing distance was 16 cm. After drying at 70 °C for 12 h, the
precursor was pre-sintered at 200 °C (5 °C min−1) for 3 h in
air. At last, the sample was annealed in a tube furnace at
800 °C (5 °C min−1) for 1 h in N2 atmosphere to obtain the
product (noted as CeO2/C). Carbon nanofibers (carbon NFs)
were also synthesized using the procedure, except without
CeCl3·7H2O in the precursor solution. In addition, CeO2
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nanotubes were also prepared following the same process but
were calcinated in air instead of nitrogen.

Fabrication of modified electrode

In our work, a working electrode was prepared by the follow-
ing process. A polishing glassy carbon electrode (GCE, 3 mm
in diameter) with 300 and 50 nm alumina slurry to obtain a
clean and mirror-like surface, then 5 μL suspension of the
sample (2 mg mL−1) was dropped onto the GCE. After drying
in air at room temperature, 5 μL 0.5% Nafion was used to
covered the surface of the modified GCE. A three-electrode
system (Ag/AgCl reference, platinum wire counter electrode
and working electrode) was used to detect the electrochemical
performance of the materials.

Preparation of nitric oxide

According to previous literature [28], saturated NO in 0.01 M
PBS solution was prepared. First, the apparatus was set up and
degassed with highly pure nitrogen for 0.5 h. Then, 2 M
H2SO4 was added to saturate the NaNO2 solution for gener-
ating NO gas. In order to remove oxygen and nitrogen oxides,
NO was successively passed through the saturated KOH so-
lution at 10% (w/v) and 2.5% (w/v) to obtain approximately
1.8 mM saturated NO at 20 °C.

Aspergillus flavus culture

Aspergillus flavus GZ-6 was provided by Institute of Agro-
Products Processing Science and Technology, Chinese
Academy of Agricultural Sciences, P. R. China. As a suitable
liquid medium, yeast extract sucrose (YES) broth was pre-
pared by mixing 20 g yeast extract, 150 g sucrose, 3 g potas-
sium nitrate, 0.5 g magnesium sulfate, and 1 L water at 30 °C
under constant shaking (200 rpm) and then incubated for
Aspergillus flavus (A. flavus) growth. The media sample
was stored in a refrigerator at 4 °C.

Results and discussion

Characterization of materials

The microstructure and morphology of the samples were ob-
served with FESEM and TEM. The images reveal that all
precursors of carbon NFs (Fig. S1a), CeO2 and CeO2/C
(Fig. S1b) display similar uniform long fibers. Without cerium
chloride addition and calcination in nitrogen, uniform carbon
NFs is obtained with an average diameter of 110 nm. The
results are displayed in Fig. S3. After calcining in air, no
products were obtained for the carbon NFs precursor, while
uniform nanotubes with an average diameter of 150 nm
(Fig. 1a and b) composed of ~20 nm nanoparticles were

Scheme 1 (a) The effect of
materials with different size on
the RONS releasing from
A. flavus; (b) Inspiration and
design of CeO2/C coaxial cable;
(c) Oxidation mechanism and
detection process of NO released
from A. flavus
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formed (Fig. 1c) for the precursor of CeO2. The latter may be
due to the movement of metal ions with smaller molecular
weight to the surface of fibers and the PVP with high molec-
ular weight molecules occupy the fiber interior during the
electrospinning process. After calcination in air, PVP was
completely removed, and the metal cations were oxidized into
metal oxide. While the sample formed in nitrogen, it still
remained solid fibers structure with a diameter of about
250 nm (Fig. 1d), but the surface was very rough. About
90 nm nanosheets consisting of ~4 nm particles were consis-
tently embedded in the surface of the solid core (Fig. 1e and f,
Fig. S2). Combined with the sample produced in air, the solid
core inside the fiber should be carbon obtained from PVP
core.

The crystal structure and phase of CeO2/C and CeO2 were
detected by X-ray diffraction (XRD). As displayed in Fig. 2a,
the diffraction peaks of both samples well indexed into JCPDS
no.43–1002. No diffraction peaks corresponding to other
phases or impurities were observed, suggesting that thematerial
is cube phase CeO2 with Fm-3m space group. Furthermore, the
diffraction peaks of CeO2/C are obviously wider and weaker
than those of the CeO2 nanotubes, whichmay due to the smaller
nanocrystal size and the absence of carbon [29]. Raman spec-
troscopy was used to further study the presence of carbon in the
materials (Fig. 3b). As reported in literature [30], the Raman
peaks of carbon NFs and CeO2/C exhibit two sharp peaks at
1325 and 1580 cm−1, which assigned to theD band (amorphous
structure) and G band (graphitized structure) of carbon, respec-
tively. The obvious ID and IG peaks of CeO2/C further con-
firmed the coaxial cable structure of CeO2/C, while no D and
G peaks were observed in the Raman spectrum of CeO2 nano-
tubes, indicating that the PVP was decomposed completely.
Based on the thermogravimetric analysis (TGA) curves of the

samples, the content of carbon in CeO2/C is about 17.55% (Fig.
2c). The Ce 3d XPS spectrum provides surface information
about the evolution of Ce3+ and Ce4+ species in samples under
different calcination atmospheres. As shown in Fig. 2d, the
peaks centered at 879.6, 884.4 and 902.5 eV for CeO2/C and
CeO2 nanotubes are attributed to Ce3+, and the peaks around
881.5, 888.0, 897.5, 900.0, 906.5, and 915.9 eV result from
Ce4+ in both samples. The relative amount of Ce3+ was estimat-
ed by integration of Ce3+ characteristic peaks with respect to the
total area of the Ce 3d spectrum. The proportion of Ce3+ in
CeO2/C was 28.66%, which is about 12% higher than Ce3+ in
CeO2 nanotubes. The high content of Ce3+ on the surface of
CeO2/C is mainly due to the inert calcination atmosphere and
carbon reduction. It provides numerous active sites for detect-
ing NO [31].

Electrochemical behavior

Cyclic voltammetry (CV) of the different electrodes was first
performed in a solution containing 0.2 M [Fe(CN)6]

3−/4- as the
redox probe and 0.1 mol KCl as the supporting electrolyte. As
shown in Fig. 3a-c, a pair of well-defined redox peaks of
[Fe(CN)6]

3−/4- was observed on carbon NFs, CeO2 nanotubes
and CeO2/C coaxial cable electrode, but no obvious redox
peaks can be observed on the CeO2 nanotubes electrode.
Generally, a small ΔEp (the potential separation of anodic
peak to cathodic peak) indicates a fast electron-transfer rate
occurred on the corresponding electrode. It is obvious from
the CV curves that the ΔEp of performed on CeO2/C coaxial
cable is far smaller than that of CeO2 nanotubes, and suggests
that the carbon core of CeO2/C coaxial cable significantly fast
the electron transfer between Fe(CN)6

3−/4-. And the CeO2/C
coaxial cable is fully qualified to act as a great promoter that

Fig. 1 (a, b) FESEM and (c) TEM images of CeO2 nanotubes; (d, e) FESEM and (f) TEM images of CeO2/C
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can accelerate the electrochemical process successfully.
Further, the specific capacitance of the material was calculated
using the following formula from the literature [32]:Equation
ID=t=t

C ¼ 1

mu Vc−Vað Þ ∫
Vc

Va
IdV

Where C (F g−1) is the specific capacitance; m (g) is themass
of electroactive materials; υ (mV s−1) is the scan rate; Vc and Va

are the high and low potential limits of the CV tests, respective-
ly; and I (A) denotes the instant current on CV curves.

Accordingly, the specific capacitances of carbon NFs,
CeO2 nanotubes, and CeO2/C were calculated to be 261.2,
24.4, and 88.6 F g−1, respectively. The CV of different

Fig. 3 (a and b, c) CVs of Carbon
NFs, CeO2 nanotubes, and CeO2/
C in a 0.2 M [Fe(CN)6]

3−/4-

solution containing 0.1 M KCl at
50 mVs−1; (d) Cyclic
voltammetry curves (CVs) of
CeO2 nanotubes, CeO2/C and
Carbon NFs based electrodes in
0.01 M PBS with and without
3.6 μM NO at 50 mVs−1

Fig. 2 (a) XRD patterns of CeO2

nanotubes and CeO2/C; (b)
Raman spectra of carbon NFs,
CeO2 nanotubes and CeO2/C; (c)
TGA curves of CeO2 precursor in
air and nitrogen atmosphere; (d)
XPS high-resolution Ce 3d
spectra of CeO2 nanotubes and
CeO2/C
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electrodes in N2-saturated phosphate buffer saline (PBS,
0.01 M, pH = 7.4) at 50 mVs−1 are shown in Fig. 3d.
Without the addition of NO, all CV curves from different
electrodes exhibit a similar rectangular shape within the mea-
sured potential range, indicating their ideal capacitive behav-
ior and no any electrochemical reaction. The area of CV
curves for CeO2 nanotubes, CeO2/C, and carbon NFs in
PBS is consistent with the above calculated results. Obvious
current response peaks were observed in three different elec-
trodes with 3.6 μM NO in PBS, which resulted from the
oxidation of NO. Although the carbon NFs delivered the larg-
est specific capacitance among the three electrodes, its re-
sponse current is quite weak due to the insufficient catalytic
activity of carbon toward NO. In addition, the large specific
surface area of carbon NFs electrode induced a large back-
ground current, greatly decreasing its sensitivity.
Comparatively, a well-defined NO oxidation peak is observed
clearly in the CV curves of CeO2 nanotubes, suggesting the
good electrocatalytic activity of CeO2 toward NO. More sig-
nificantly, a far higher NO oxidation peak was obtained from
the CeO2/C electrode, which further demonstrates that the
unique coaxial cable structure of corn-like CeO2/C provides
a sensitive electrocatalytic surface and improved conductivity.
As the scan rate increased in the range of 50~300 mVs−1, the
current of CeO2/C-based electrode increased linearly (Fig.
S4), which implies that the electrochemical reaction on this
electrode is a surface-controlled electron transfer process. And
the tiny nanoparticles on the surface of CeO2/C coaxial cable
offer remarkable activity toward NO.

In order to explore the feasibility of thematerial-based sensors
to detect NO deeply, amperometric i-t measurements were

carried out at 0.8 V in 5 mL 0.01 M PBS (pH =7.4). The results
are displayed in Fig. 4a and b, a typical stepwise current response
with successive increasing NO concentration is observed both of
CeO2 nanotubes and CeO2/C, in which 95% of the steady-state
current was reached within 2 s. From the corresponding linear
calibration plot in Fig. 4c and d, the CeO2 nanotubes-based sen-
sor delivered a high sensitivity (0.92 μA μM−1 cm−2, the linear
fitting correction coefficient R2 = 0.997) and low detection limit
(7.03 nM, S/N = 3)). It is comparable to those reported biosen-
sors. As expected, a larger linear response range (5.19 × 10−9 to
8.3 × 10−5 M), lower detection limit (1.73 nM, S/N = 3), and
better sensitivity (0.81μAμM−1 cm−2, R2 = 0.997) was acquired
by the CeO2/C-based electrochemical sensor. More detailed
comparisons are summarized in Table S1.

Excellent selectivity and long-term stability are especially
important for constructing an effective electrochemical bio-
sensor. UA, AA, DA, O2

•-, Ca2+, NO3
−, CO3

2−, DDT, PE,
HY, QU, HQ, CA, AN, Hg2+, Cd2+, and Pb2+ which will
influence the accurate detection of our designed sensor were
added in the A. flavusmycelial suspension and tested in same
condition [33]. And they may be oxidized together with NO
on the surface of the electrode to cause signal interference. As
shown in Fig. 5a, the CeO2/C sensor displayed an obvious
amperometric response in the presence of 1 μM NO, while
very weak current responses toward 2 μMUA, AA, DA, O2

•-,
Ca2+, NO3

−, CO3
2−, DDT, PE, HY, QU, HQ, CA, HI, Hg2+,

Cd2+, and Pb2+ can be observed, even can be negligible. It
suggested the good selectivity of CeO2/C sensor toward NO.
In order to estimate the long-term stability of our designed
biosensor, the CeO2/C electrode was placed in air at room
temperature for 4 weeks and used to detect NO one times

Fig. 4 (a, b)
Chronoamperometric responses
and (c, d) linear calibration plot of
CeO2 nanotubes and CeO2/C
based sensors upon continuous
injection of NO at an applied
potential of 0.8 V in 0.01 M PBS
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per week. And it was found that the catalytic performance of
CeO2/C was still maintained 93.46% of the initial detection
after 4 weeks, thus confirming its sustained catalytic perfor-
mance and good stability (Fig. S5).

In our work, A. flavus was selected as the model bio-
logical sample to estimate the in situ real-time monitor
ability of our designed CeO2/C-based sensor for agricul-
tural products storage. Cinnamaldehyde (CIN), an acro-
lein derivative, was selected as a functional drug to stim-
ulate A.flavus to release NO. Tween-80 is a pharmaceu-
tical solvent of CIN. Based on the results are shown in
Fig. 5b, Tween-80 and CIN-Tween-80 did not show any
chronoamperometric signal response in 0.01 M PBS.
However, when CIN-Tween-80 was added to the detec-
tion system containing A. flavus, an obvious response
current was observed. And the response current stimulat-
ed by 0.2 mM CIN was 180 nA, which is about 1.78
times than that using 0.1 mM CIN. In addition, when
0.2 mM CIN-Tween-80 and 1.5 mM Hb mixed solution
was added to the detection system containing A. flavus,
no obvious current response was generated, because NO
can react with Hb quickly and mask its reaction with
CeO2/C. This result further proves that NO released from
A. flavus can be effectively detected by our designed
CeO2/C cable-based sensor. Moreover, the relative stan-
dard deviations (RSD) of current responses of five iden-
tical experiments were determined (Fig. 5c) to test the
sensor’s repeatability. An RSD less than 3.49% reveals

that CeO2/C sensor can be applied for the practical de-
termination of NO released from A. flavus.

Conclusions

In this featured work, a unique corn-like CeO2/C coaxial cable
textured by a cerium oxide shell and carbon core was designed
and engineered using a controllable electrospinning technology
and subsequent calcination process. When used to detect NO,
CeO2/C performed a low detection limit, wide linear range, fast
response time and good reproducibility, which is attributed to
excellent activity of the small-sized CeO2 surface and high
conductivity of the carbon core. In addition, in situ monitoring
NO released from A.flavus under drug stimulation was
achieved with our designed biosensor, further indicating its
great capability for real-time and sensitive detection. This work
demonstrates that the construction of nanomaterials with tai-
lored textures is significant to design an excellent sensing plat-
form for food security detection.
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Fig. 5 (a) The amperometric
responses of the CeO2/C sensor to
the addition of NO, DA, AA, UA,
CaCl2, KNO3, Na2CO3,
O2

•-, DDT, PE, HY, QU, HQ, CA,
HI, Hg2+, Cd2+ and Pb2+ in
0.01 M PBS at 0.8 V,
respectively; (b) Electrochemical
response of CeO2/C sensor for
real-time detecting NO released
from A. flavus under different
concentration drug stimulations;
(c) Repeatability of real-time
detection in 0.2 mM CIN solution
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