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ABSTRACT: A high-sensitivity electrochemiluminescence (ECL) sensor was conducted to CeO,
detect carcinoembryonic antigen (CEA). Nanocomposites of graphene oxide/carboxylated
multiwall carbon nanotubes/gold/cerium oxide nanoparticles (GO/MWCNTs-COOH/ e
Au@CeO,) were used as antibody carriers and sensing platforms to modify on glassy Ce0, CeD,-

carbon electrodes (GCE). CeO, nanoparticles were first exploited as an ECL luminescent
material and the possible ECL mechanism was proposed in this work. GO/MWCNTs-
COOH was used as a loading matrix for CeO, nanoparticles because of the superior

(o)

conductivity and large specific surface area. Au nanoparticles were further deposited on this

matrix to attach anti-CEA and enhance the sensitivity of immunosensor. The proposed sensing platform showed excellent
cathodic ECL performance and sensitive response to CEA. The effects of experimental conditions on the ECL performance were
investigated. The proposed immunosensor showed the broad linear range (0.05—100 ng/mL) and the low detection limit (LOD,
0.02 ng/mlL, signal-to-noise ratio = 3) according to the selected experimental conditions. The excellent analysis performance for
determination of CEA in the human serum samples simplied this immunosensor displayed high sensitivity and excellent
repeatability. More importantly, this conducted immunosensor broadens the use scope of CeO, nanoparticles.
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B INTRODUCTION

In recent years, electrochemiluminescence (ECL) biosensors
have been developed to detect biological analytes because of
the weak background signal, high sensitivity, and simplified
optical setup.' ™" Apart from the traditional ECL system (tris-
bipyridyl ruthenium® and luminol®), various nanomaterials,
such as CdS,”® CdSe,”'® CdTe,"' CuS,"” and CdS/ZnO," have
been exploited as ECL luminophors to fabricate biosensors
with high sensitivity and selectivity. However, As far as we
know, the investigation about ECL application of nano-
structured metal oxides is less well reported. Herein, CeO,
nanoparticles were used as luminescent materials for the first
time.

Nanostructured metal oxides have exhibited big surface area
and good reaction activity and are potential candidates for the
fabrication of biosensors.'* Nanostructured CeO, has aroused
wide interest in the development of implantable biosensors
because of biocompatibility and high chemical stability.'>"®
However, CeO, suffers from the low electron conductivity,
which seriously affect their electrocatalytic efficiency.'” To
overcome this shortcoming, Qiu'® and Saha'’ have prepared
CeO,@MWCNTs and nanoporous CeO, thin films to improve
the conductivity and surface-to-volume ratio to detect hydrogen
peroxide and glucose, respectively. Composites of GO and
MWCNTs-COOH with superior electron conductivity and
large specific surface area were adopted as large matrix for
loading luminescent or catalytic material.”>*" Because of 7—7x
restacking of GO, the electrochemical properties of the GO
were limited. Therefore, a measure need to be taken to avoid
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the GO sheets restacking’ and MWCNTs could be the
candidate material’>*"**** due to their remarkable thermal,
mechanical, and electrical properties derived from their unique
structure,”” > high aspect ratio and long-range 7—7 con-
jugation. Therefore, the advantages of MWCNTs/GO and
CeO, were combined to fabricate ECL sensing system for the
first time, which showed great sensing performance.

Cancer is a great challenge and the detection of cancer
biomarkers is si%niﬁcant for early diagnosis of cancer and
clinical research.”>* CEA is a clinical tumor marker for early
diagnosis of ovarian carcinoma, breast tumors and cervical
carcinomas.””** The increase of CEA level in serum above the
normal value is an indication of possible disease.” Therefore,
novel materials or methods would be explored for the detection
of clinical tumor marker. For example, nanoparticles are used in
biosensing,**™**

Herein, a highly sensitive label-free ECL immunosensor was
fabricated to detect CEA. GO/MWCNTs-COOH/Au@CeO,
served as the sensing platform for the first time. A one-step in
situ method was used to disperse Au and CeO, nanoparticles
on the surface of GO/MWCNTs-COOH. CeO, was utilized
first for the luminescence. Anti-CEA was combined with the Au
nanoparticles via the Au-NH, covalent bond to further enhance
the sensitivity of immunosensor. This fabricated sensor had a
wide linear range (0.05—100 ng/mL) and LOD (0.02 ng/mL).
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Scheme 1. Schematic Diagram for Fabrication of the Label-Free ECL Immunosensor
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B EXPERIMENTAL SECTION

Materials. Cerium nitrate hexahydrate (Ce(NO,);-6H,0) was
purchased from Aladdin Co., Ltd. (Shanghai, China). MWCNTs-
COOH was purchased from Chengdu Organic Chemicals Co. Ltd.
(Chengdu, China); chitosan was obtained from Sigma-Aldrich
(Beijing, China). HAuCl,-4H,0 was purchased from Alfa Aesar.
CEA, anti-CEA and bovine serum albumin (BSA, 96%—99%) were
obtained from Dingguo Biochemical Reagents (Beijing, China). PBS
(0.1 M) and ultrapure water (18.25 MQ cm, 24 °C) were used for all
of the tests. Chitosan was dissolved in 1% acetic acid. GO/MWCNTs-
COOH/Au@CeO, were dissolved in 500 pL of 0.5% chitosan.

Apparatus. Scanning electron microscopy (SEM) images and
energy-dispersive X-ray spectroscopy (EDS) analysis were collected by
using a FEI QUANTA FEG250 coupled with INCA Energy X-MAX-
50. X-ray powder diffraction (XRD) was performed with a Bruker D8
Focus diffractometer (Germany). Fourier transform infrared (FTIR)
spectra was obtained with a PerkinElmer S80B spectrophotometer
(PerkinElmer, United States).The ECL measurements were performed
with a MPL-F flow-injection chemiluminescence detector (Xi'an remax
Electronic Science Tech. Co. Ltd., China) and electrochemical
measurements were carried out on CHI760D electrochemical
workstation (Chenhua Instrument Shanghai Co. Ltd., China) by
using a three-electrode system.

Preparation of GO. GO was synthesized according to the method
reported.*

Preparation of GO/MWCNTs-COOH/Au@Ce0O,. GO/
MWCNTs-COOH@CeO, were prepared as described previously
with some slight modifications.”” Five mL of 1 wt % solution of
HAuCl,-4H,0 was added into the mixed solution (GO/MWCNTs-
COOH@Ce0,). The suspension was stirred at 90 °C for 6 h and the
precipitation was washed by ultrapure water and alcohol. Then the
precipitation was dried in vacuum at 40 °C overnight. Lastly, the
obtained products (GO/MWCNTs-COOH/Au@CeO,) were cal-
cined in muffle at 300 °C for 1 h.

Fabrication of the ECL Immunosensor. The construction
process was revealed in Scheme 1. First, GCE was handled by alumina
powder and washed by ultrapure water. GO/MWCNTs-COOH/Au@
CeO, were dispersed in 0.5% chitosan after ultrasonication (6 L, 10.0
mg mL™"). and dropped onto the GCE. GO/MWCNTs-COOH/Au@
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CeO, could be immobilized on the GCE due to the ﬁlm-forming,40
stabilizing and nanoparticles protecting properties of chitosan.* After
drying for 0.5 h, anti-CEA was modified on the film to incubate for 1 h
and the electrode was cleaned. The modifed electrode was incubated
with BSA (1%, w/w) for 1 h to eliminate nonspecific binding and
produce a CEA immunosensor, which was denoted as GO/
MWCNTs-COOH/Au@CeO,/anti-CEA/BSA. After 1 h incubation,
the prepared immunosensor was washed. While used for specific
determination, GCE was incubated with a series concentrations of
CEA solutions (6 uL) for 1 h, washed with ultrapure water, and stored
in a 4 °C refrigerator. Therefore, the CEA ECL immunosensor was
fabricated successfully.

ECL Response for CEA. The modified electrode was placed in the
ECL cell with PBS (10 mL, pH 8, 0.1 M KCl and 120 mM K,S,0).
The scanning potential was —2—0 V. PMT was set at 800 V. The scan
rate was 0.1 V s7\,

B RESULTS AND DISCUSSION

Characterization of GO/MWCNTs-COOH/Au@CeO,.
GO/MWCNTs-COOH/Au@CeO, significantly effected the
detection of CEA. The structures of GO/MWCNTs-COOH,
GO/Au@Ce0O,, MWCNTs-COOH/Au@CeO, and GO/
MWCNTSs-COOH/Au@CeO, were showed by SEM Figure
1A showed the SEM structure of GO/MWCNTs-COOH. GO
and MWCNTSs-COOH could provide a large surface-to-volume
ratio, which could contain more Au and CeO, nanoparticles.
The appearance of MWCNTs-COOH could avoid the stacking
phenomenon of GO nanosheets.”” The stability of the sensor
was improved due to its better water-solubility than MWCNTs.
The eflicient electron transfer of MWCNTs-COOH and GO
resulted in the ECL signal improvement of CeO,. As shown in
Figure 1B—D, Au@CeO, nanoparticles were well-distributed
on the surfaces of GO and MWCNTs-COOH, Au nano-
particles were well for combination with anti-CEA via the Au-
NH, covalent bond.*” Moreover, Au nanoparticles on the
surface of GO/MWCNTs-COOH could also increase the ECL
intensity largely, which was important for immunoassay. The
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Figure 1. SEM images of (A) GO/MWCNTs-COOH, (B) GO/Au@CeO,, (C) MWCNTs-COOH/Au@CeO,, and (D) GO/MWCNTs-COOH/
Au@CeO, (the inset is EDS of GO/MWCNTs-COOH/Au@CeO,); (E) XRD patterns of as-synthesized GO/MWCNTs-COOH/Au@CeO, (the
insets are (a) MWCNTs-COOH and (b) GO); (F) FT-IR spectrometer analysis of GO/MWCNTs-COOH/Au@CeO,; (G) the ECL intensity-
potential curves of different materials: GO/MWCNTs-COOH/Au@CeO, (curve a), GO/MWCNTs-COOH/Au (curve b), GO/Au@CeO, (curve
¢), MWCNTs-COOH/Au@CeO, (curve d), MWCNTs-COOH/CeO, (curve e); (H) the ECL intensity—time curves of CeO,.

inset was the EDS analysis of GO/MWCNTs-COOH/Au@
CeO, and C, O, Au, and Ce elements displayed, which
demonstrated that the GO/MWCNTs-COOH/Au@CeO,
were synthesized successfully and the ratio of Au:Ce was
~0.40:15.77.
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Figure 1E showed the XRD patterns of as-synthesized GO/
MWCNTs-COOH/Au@CeO, (the inset are MWCNTs-
COOH (a) and GO (b)). The peak at 26 = 25.94° (002) in
inserted Figure 1E (a) was the characteristic peak of
MWCNTs-COOH, which was similar to the report.*’ The
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Figure 2. (A) ECL intensity profiles of the bare GCE (curve a), GCE/GO/MWCNTs-COOH/Au@CeO, (curve b), GCE/GO/MWCNTs-
COOH/Au@CeO,/anti-CEA (curve c), GCE/GO/MWCNTs-COOH/Au@CeO,/anti-CEA/BSA (curve d), and GCE/GO/MWCNTs-COOH/
Au@CeO,/anti-CEA/BSA/CEA (curve e) in 0.1 M PBS containing 120 mM K,S,0g; (B) EIS of 2.5 mM [Fe(CN)]s*/* at (a) bare GCE, (b)
GCE/GO/MWCNTs-COOH/Au@CeO,, (¢) GCE/GO/MWCNTs-COOH/Au@CeO,/anti-CEA, (d) GCE/GO/MWCNTs-COOH/Au@
CeO,/anti-CEA/BSA, and (e¢) GCE/GO/MWCNTs-COOH/Au@CeO,/anti-CEA/BSA/CEA, inset is the equivalent circuit for EIS.

peak at 260 = 9.26° (002) in inserted Figure 1E (b) was the
characteristic peak of GO, which was similar to the report.**
The peak at 260 = 28.7° (002) in Figure 1E was the
characteristic peak of GO/MWCNTs-COOH, the peak at 20
= 38.3° (111) was the characteristic peak of Au nanoparticles,
the peak at 20 = 47.58° (220) was the characteristic peak of
CeO, nanoparticles. In Figure 1E, the aforementioned
characteristic peaks also appeared. Besides, the existence of
the other peaks indicated the successful combination of GO/
MWCNTSs-COOH/Au@CeO, nanoparticles. GO/MWCNTs-
COOH/Au@CeO, nanoparticles could be confirmed by FT-IR
spectrometer analysis. As shown in Figure 1F, peaks at 1085
and 3445 cm™' was assigned to C—O and O—H stretching
vibrations of the carboxylic acid group, respectively,* the peaks
at 1578 and 1410 cm™' corresponded to C=0O and C-O
stretching, respectively,*® which were attributed to the COOH
groups onto the external surface of GO/MWCNTs-COOH/
Au@CeO,. Figure 1G displayed the ECL intensity-potential
curves of different materials by cycling the potential from —2 to
0 V. Compared with GO/MWCNTs-COOH/Au (curve b), the
ECL intensity of GO/MWCNTs-COOH/Au@CeO, (curve a)
reached a maximum value, which revealed that the strong ECL
signals were obtained by CeO, with K,S,04. Compared with
MWCNTs-COOH/CeO, (curve e), MWCNTs-COOH/Au@
CeO, (curve d) exhibited a better ECL emission, which
revealed that Au nanoparticles on the surface of MWCNTs-
COOH/CeO, could also increase the ECL intensity largely.
Compared with MWCNTs-COOH/Au@CeO, (curve d) and
GO/Au@CeO, (curve c), GO/MWCNTs-COOH/Au@CeO,
exhibited a much stronger ECL emission peak, which might
result from the synergistic effect betweeen MWCNTs-COOH
and GO.” Figure 1H displayed the ECL intensity-time curves
of CeO,. RSD was 1.89% for ECL response, which indicated
that CeO, could be used well for the luminescence.

ECL Performance. Figure 2A exhibited ECL intensity-
potential curves for the electrodes modified by different
products. Weak ECL emission for bare GCE can be seen
from curve a. However, after GO/MWCNTs-COOH/Au@
CeO, were modified, better ECL response appeared in curve b.
Although the anti-CEA was immobilized on GO/MWCNTs-
COOH/Au@CeQ,, ECL response decreased to a certain
extent (curve c). ECL response further decreased after
modifying BSA (curve d). Laterly, ECL intensity reached a
minimum value in curve e when CEA was dropped on GCE.
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The above phenomenon illustrated that the luminescence
property of GO/MWCNTs-COOH/Au@CeO, was affected
by immunoreaction between antigen and antibody through
depressing the diffusion of electrolytes between the solution
and the surface of GCE. Accordingly, the label-free ECL
immunosensor was fabricated perfectly.

EIS was carried out in 2.5 mM [Fe(CN)s]*/*and equivalent
circuit as the inset in Figure 2B. The charge transfer resistance
(R.), the double layer capacitance (C,), the Warburg
impedance (Z,) and the resistance of solution (R,) were
given. R, and Zy; had nothing with the modifications.””*® R,
changed in the modification processes and can be used as a
suitable indicator for displaying the interfacial property. The R,
change was related to the resistance of the modified layer on
GCE surface, which change reflected by the change of the
semicircle diameter (Z') in Nyquist plots. Thus, R, was a
selected indicator for explaining the interfacial property of the
fabrication process.

EIS curves at different modification steps were shown in
Figure 2B. In detail, a small semicircle was observed in curve a
due to a free electron-transfer process of the bare GCE. After
GO/MWCNTs-COOH/Au@CeO, were dropped, curve b
showed a smaller. When anti-CEA was subsequently conjugated
to the GCE/GO/MWCNTs-COOH/Au@CeO, (curve c),
semicircle increased obviously because the antibodies sup-
pressed the proton transmission, indicating the antibodies
bonded to GO/MWCNTs-COOH/Au@CeO, successfully.
Curve d exhibited a larger semicircle diameter, clarifying BSA
produced the high resistance of the electrode interface. After
the successful captured of CEA through specific reaction, a
further increment of semicircle domain was observed again
(curve e). Thus, the immunosensor was constructed.

ECL mechanism might be as follows:”*>’

CeO, accepted e~ to be CeO,*” (eq 1) when potential
changed negatively,. At the same time, S,04”" changed to be
SO," and SO,*~ (eq 2) if the potential was negative enough.
The excited state of CeO,* could be generated by the reaction
between the strong oxidant SO,*~ and CeO,*” (eq 3) by the
transfer of e”. When CeO,* became the ground state (eq 4),
the energy was released as light.

CeO, + — CeO,"” (1)
$,04" + e~ = SO,”” + S0,*” )

DOI: 10.1021/acsami.5b05185
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Ce0,"” + SO,°” — CeO,* + SO,*~ 3)
CeO,* — CeO, + hv (4)

Optimization of Experimental Conditions. We inves-
tigated the concentration of GO/MWCNTs-COOH/Au@
CeO, and K,S,0g pH value, and scan rates. ECL intensity
enhanced from 2.0 to 10.0 mg mL™" and showed the maximum
value at 10.0 mg mL™' (Figure 3A). Then, with a further
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Figure 3. Effect of (A) GO/MWCNTs-COOH/Au@CeO,, (B) pH,
(C) K;8,04, and (D) scan rates on the response of ECL intensity from
GCE/GO/MWCNTs-COOH/Au@CeO,/anti-CEA/BSA/CEA
(error bar = SD, n = 3).

increase in the concentration from 10.0 to 14.0 mg mL™" of
GO/MWCNTs-COOH/Au@CeO,, ECL intensity turned
down. The excessive GO/MWCNTs-COOH/Au@CeO, may
be stacked each other resulting in the electron transfer
hindered. Therefore, 10 mg mL ™" was selected for subsequent
experiments. pH was invesitigated from 5.0 to 8.5 (Figure 3B)
and ECL showed the best performance at pH 8.0. Almost
neutral environment benefited the ECL performance. So 8.0
was selected. The effect of coreactant K,S,04 concentrations
from 20 mM to 140 mM was investigated (Figure 3C). When
the concentration of K,S,0g3 was 120 mM, ECL response
showed the maximum response.The ECL intensity (Figure 3D)
showed the same change pattern with other ECL sensor”' at a
scan rate of 0.10—0.20 V s™! with a increment of 0.04—0.10 V
s7l. The diffusion rate of and the formation rate of CeO,*
dominated ECL efficiency.”” At high scan rates on the electrode
interface, the consumption of K,S,03 was much quicker than
its diffusion. Then less K,S,0q4 resulted in the reducement of
ECL response. In a word, low ECL response was related with
the high scan rate. Therefore, 0.10 V s~ was optimized.
Performance of the Immunosensor. GO/MWCNTs-
COOH/Au@CeO, was used as the substrate for the
determination of CEA (Figure 4A). ECL immunosensor is
constructed on the antigen—antibody specific recognition. The
electron transfer could be hindered by the proteins and the
ECL response decreased with the increase of concentrations of
CEA. As Figure 4B showed, ECL intensity reduced with the
linearly increase of logarithm of CEA concentration from 0.05—
100 ng/mL. The equation of the calibration curve was I =
7261.045—-2881.511 log[c] (R = 0.994). The lower LOD (0.02
ng/mlL, signal-to-noise ratio = 3) might be related with the
ECL signal amplification of GO/MWCNTs-COOH and Au
nanoparticles. A comparison with other sensors for CEA was
given in Table 1.°%>7>7 The LOD and linear range were
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Figure 4. (A) ECL response of the ECL sensor to different concentrations of CEA, from a to g: 0.0S, 0.1, 0.5, 1.0, 5.0, 10.0, 50.0, 100 ng/mL. (B)
Calibration curve of the ECL sensor for CEA at different concentrations. (C) ECL intensity of the GCE/GO/MWCNTs-COOH/Au@CeO,/anti-
CEA/BSA/CEA in PBS (pH 8.0) containing 0.1 M KCI under continuous scanning for 13 cycles. (D) Long-term storage stability of GCE/GO/
MWCNTs-COOH/Au@CeO,/anti-CEA/BSA/CEA as a function of different time interval in PBS (pH 8.0) containing 0.1 M KCI and 5 ng/mL
CEA. (E) ECL intensity of the ECL sensor to 5 ng/mL CEA (1), S ng/mL CEA + 500 ng/mL PSA (2), S ng/mL CEA + 500 ng/mL BSA (3), S ng/
mL CEA + 500 ng/mL AFP (4), 0 ng/mL CEA (S), S ng/mL PSA (6), S ng/mL BSA (7), S ng/mL AFP (8). (Error bar = SD, n = 3). (F)
Repeatability of the GCE/GO/MWCNTs-COOH/Au@CeO,/anti-CEA/BSA/CEA in PBS (pH 8.0) containing 0.1 M KCl and 5 ng/mL CEA.
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Table 1. Comparison of the Performance of the Proposed
and Referenced Sensors for CEA

linear range detection limit

material of sensors method (ng mL~ (ng mL™") refs

immunogold— ICPMS 0.1-40.0 0.1 53
silver

Au-TiO, particle Ccv 1.0—-100 0.53 54

AuNPs-PAMAM/ CL 1.0-70 0.65 5§
PEI-rGO

AuPt nanochains Ccv 0.01-200 0.0011 56

Fe;O, ECL 1.0-780 0.28 57
nanoparticles

CdTe/CdS fluorescent 0.045—45000 0.0045 32
quantum dots

this work ECL 0.05—100 0.02

compared. Although the immunosensor developed by Cao®°
had lower LOD than the one in this work, the proposed
immunosensor was faster and easier to use. In addition, Wang
& Fan**** have reported a very sensitive method for CEA
detection. Meanwhile, the immunosensor widened the use
range of CeO, and provided a novel way for CEA detection.

Stability, Selectivity, and Repeatability of ECL
Response. Stability was an important parameter in practical
use of all of the chemical sensors. ECL response of the GO/
MWCNTs-COOH/Au@CeO, was displayed (Figure 4C)
under 13 cycles from —2 to 0 at 0.1 V s™' in PBS (pH 8.0,
0.1 M KCl, 120 mM K,S,04). RSD of 1.85% indicated good
detection performance and good operational stability. In
addition, the long-term storage stability was investigated at S
ng/mL CEA stored at 4 °C and tested every 3 days. As Figure
4D showed, outstanding long-term stability was concluded
from the following tests: ECL intensity kept constant after
storing in the PBS in a 4 °C refrigerator for 3 days, ECL
intensity reduced almost 2.8% after storage for 9 days and 5.9%
after 15 days. To inspect the selectivity of the label-free ECL
immunosensor, the interferences of prostate specific antigen
(PSA), bovine serum albumin (BSA) and alpha-fetoprotein
(AFP) were investigated for the determination of CEA. It could
be found that PSA, BSA and AFP (500 ng/mL) did not
interfere the detection of CEA at S ng/mL. The results (Figure
4E) indicated the accredited selectivity of the label-free ECL
immunosensor.

The repeatability of the label-free ECL immunosensor was
also inspected. RSD of measurements was 1.37% by five
electrodes with S ng/mL CEA (Figure 4F), suggesting that the
label-free ECL immunosensor had satisfied repeatability.

Application Analysis in Human Serum Samples. The
practical application feasibility was studied by detecting human
serum samples. The serum samples were appropriately diluted
by PBS (pH 8.0), because the tumor marker level of serum was
higher than the calibration range. As shown in Table 2, different
concentrations (5.00, 10.00, 20.00, 6.00, 15.00 ng/mL) of
standard CEA solutions were put into human serum samples
according to standard addition method. The RSD was 1.85—
4.40% and recoveries were 98.9—102.6%. The results suggested
the immunosensor could be used to detect CEA in serum
samples.

B CONCLUSION

A label-free ECL immunosensor was fabricated by using GO/
MWCNTs-COOH/Au@CeO,, which was first used in ECL
sensor assay. CeO, nanoparticles were used with K,S,0y4 in

Table 2. Recovery of the Proposed Label-Free ECL
Immunosensor in Human Serum Samples

serum addition detection
samples content content avg value RSD recovery
(ng mL™) (ng mL™) (ng mL™) (ng mL™") (%) (%)
224 5.00 7.17, 7.53, 7.42, 7.358 1.85 101.6
7.29, 7.38
10.00 11.92, 12.31, 12.388 3.58 101.2
12.48, 12.14,
13.09
20.00 20.85, 21.34, 21.998 4.40 98.9
2327, 22.61,
21.92
6.12 6.00 11.75, 12.46, 12.092 2.52 99.8
12.28, 11.81,
12.16
15.00 2091, 22.65, 21.672 3.61 102.6
21.75, 22.18,
20.87

ECL field for the first time. GO/MWCNTs-COOH/Au
nanoparticles accelerated the electrons transfer and improved
ECL response largely. The proposed label-free ECL immuno-
sensor exhibited acceptable selectivity, long-term stability, and
wide linear range. And what’s more, the label-free immuno-
sensor will promote the further use of CeO, nanoparticles in
the biosensing field.
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