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Preparation of a disposable electrochemilumine-
scence sensor chip based on an MXene-loaded
ruthenium luminescent agent and its application
in the detection of carcinoembryonic antigens

’ '.) Check for updates ‘

Cite this: Analyst, 2022, 147, 1986

Weiwei Luo,®® Zhuoxin Ye,? Pinyi Ma, €2 * Qiong Wu*© and Dagjian Song ) *?

Carcinoembryonic antigen (CEA) is an important cancer marker that plays a significant role in achieving
low-cost, rapid and highly sensitive clinical detection. In this work, we developed a disposable electro-
chemiluminescence (ECL) sensor chip based on a screen-printed electrode (SPE) for detecting CEA via
ECL technology. An amino-modified TizC, MXene was used as a carrier to successfully prepare a highly
efficient ECL probe AuNPs-Ru-Arg@NH,-TizC,-MXene by loading with AuNPs-Arg through covalent links
and modifying with a ruthenium complex. Upon the addition of CEA, the ECL signal decreased signifi-
cantly with the increase of CEA, due to the formation of immune complexes at the interface of the elec-
trode. The sensing chip was used to detect CEA in an aqueous solution and found to have a detection
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limit of 1.5 pg mL™. The chip was used to determine CEA in the serum of healthy humans and cancer
patients, and the results were consistent with those obtained using ELISA. The disposable ECL sensor chip
has many advantages including convenience, rapid detection, low cost and easy mass production; thus it
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1. Introduction

Cancer is a malignant human disease that has the second
highest incidence rate after heart disease. Carcinoembryonic
antigen (CEA) is a glycoprotein produced by human tumor
cells and is one of the common markers for clinical diagnosis
and cancer treatment.' Many reports have shown that the
serum CEA levels in patients with gastric cancer, liver cancer
and colorectal cancer are significantly higher than those in
healthy individuals.>™* When the concentration of CEA in the
serum of humans is higher than 20 ng mL™", it is highly likely
that tumors are present in the body.? Therefore, a tool that can
detect the level of CEA in serum with high selectivity and sen-
sitivity can be of great significance in clinical examination and
pathological research. Currently, with the development of
analytical techniques, many methods for CEA detection in real
samples have been reported. These methods include fluo-
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has great application potential in clinical cancer diagnosis.

rescence immunoassay,’ electrochemical analysis,” chemilumi-
nescence immunoassay,® and surface plasmon resonance.’
However, convenient and low-cost methods are still required in
clinical diagnosis.

The sensitivity and accuracy of the analytical method play
significant roles in the early detection of low-abundance and
complex samples. Electrochemiluminescence (ECL) is con-
sidered as a simple, sensitive and accurate electrochemical
reaction analysis tool that has been widely used in immuno-
assay and DNA probes.'®™* It has many advantages such as
high sensitivity, wide linear ranges, simple operation and low
background signals. A Ru complex system plays an important
role in ECL application due to its high luminescence
efficiency, good water solubility, high stability, reversible
single electron transfer reaction and repeatable excitation
ability."® However, most Ru complex-based ECL systems are
used in the solution phase, which can undoubtedly reduce the
luminescence efficiency. Therefore, the ECL efficiency of Ru
complexes can effectively be improved by introducing functio-
nalized nanomaterials as carriers so that it can be applied in
the field of bioanalysis."®"”

In recent years, MXenes, two-dimensional nanomaterials
containing transition metals, have gained extensive attention
from analytical chemists due to their unique structures, as
well as their mechanical, electronic, optical and thermal
properties.’®>° The most significant characteristics of MXenes
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include high conductivity, good hydrophilicity, chemical stabi-
lity, high specific surface area, adjustable and abundant
surface functional groups, easy synthesis in water, environ-
mental friendliness and nontoxicity.>'>* However, thus far,
there are only a few reports on the use of MXenes as carriers to
load Ru complex ECL luminescent groups. Considering its
excellent conductivity and large specific surface area, the intro-
duction of an MXene into an ECL probe during construction
should greatly and undoubtedly enhance the efficiency of the
probe.**

Based on the above analysis, we used an amino-modified
Ti;C, MXene as a carrier to successfully prepare a highly
efficient ECL probe AuNPs-Ru-Arg@NH,-Ti;C,-MXene by
loading with AuNPs-Arg through covalent links and modifying
with a Ru complex. The unique nanostructure of NH,-Ti;C,-
MXene allowed the luminescent reagent carrier to have high
carrying capacity. After being covalently modified with r-Arg,
the Ru complex had self-enhanced ECL luminescence.”> The
introduction of AuNPs by electrostatic interactions provided a
large number of binding sites for biomolecules.”® A biosensor
chip with low price, convenient operation, easy integration and
large-scale application could be obtained by modifying the
ECL probe onto a screen-printed electrode (SPE).?”*® A dispo-
sable ECL sensor chip for CEA determination was constructed
by dripping anti-CEA onto an SPE electrode. After combining
with CEA, the number of immune complexes formed at the
electrode interface increased, causing an enhancement of the
blocking effect on electron transmission;>° as a result, the ECL
signal decreased. Therefore, by changing the concentration of
CEA, the ECL intensity gradually changed, and the detection
was realized. Finally, we employed the disposable ECL sensor
chip to detect serum CEA in healthy individuals and cancer
patients, for which satisfactory results were obtained.

2. Experimental section
2.1 Reagents and materials

[Ru(bpy),(mcpbpy)]Cl, was purchased from SunaTech Inc.
(Suzhou, China). t-Arginine (i-Arg), 1-ethyl-3-(3-dimethyl-
aminopropyl) carbodiimide hydrochloride (EDC), and sulfo-N-
hydroxy succinimide (sulfo-NHS) were purchased from Aladdin
Reagent Corporation (Shanghai, China). Bovine serum
albumin (BSA), immunoglobulin G (IgG), and alpha-fetopro-
tein (AFP) were from DingGuo Biotechnology Company. The
Ti;AlIC, MAX phase was from Carbon-Ukraine Ltd.
(3-Aminopropyl)triethoxysilane (APTES) and hydrogen tetra-
chloroaurate hydrate (HAuCl,-3H,0) were from J&K Chemicals.
Carcinoembryonic antigen (CEA) and monoclonal anti-CEA
were from Fitzgerald Industries. The screen-printed electrode
(SPE) was customized from Qingdao Poten Technology Co.,
Ltd (Qingdao, China). Phosphate-buffered solution (PBS, 0.1
M, pH 7.4) was prepared using Na,HPO, (0.1 M), KH,PO, (0.1
M), and KClI (0.1 M). The rest of the chemicals were analytical
reagents of preferable grade and all aqueous solutions were
prepared with ultrapure water (>18 MQ cm). Human serum
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samples were from the China-Japan Union Hospital of Jilin
University. All experiments were performed in accordance with
the Guidelines “Ethical review methods for biomedical
research involving people”, and approved by the ethics com-
mittee at Jilin University.

2.2 Instruments

Cyclic voltammetry (CV) and electrochemical impedance spec-
troscopy (EIS) experiments were performed using a CHI 760E
electrochemical workstation (CH Instruments Ins., China).
ECL experiments were performed using a model MPI-A ECL
analyzer with a wavelength range of 300-650 nm (Xi’an Remex
Analysis Instruments Co., Ltd, China). The surface morphology
of NH,-Ti;C,-MXene nanosheets was characterized using a
Hitachi SU-8020 scanning electron microscope (SEM, Hitachi
Ltd, Japan). NH,-Ti;C,-MXene nanosheets, AuNPs and the
AuNPs-Ru-Arg@NH,-Ti;C,-MXene nanocomposite were charac-
terized using a Hitachi H800 transmission electron microscope
(TEM, Hitachi Ltd, Japan). The powder X-ray diffraction (XRD)
patterns were obtained on an X’pert Pro X-ray diffractometer
(PANalytical, Holland) with Cu Kol radiation (A = 1.5406 A)
over a 26 range of 5-80°. The pH was measured using a pH
meter (INESA Scientific, China). Absorbance experiments were
performed using a Cary 60 UV-spectrophotometer (Agilent
Technologies, USA).

2.3 Synthesis of NH,-Ti;C,-MXene

Ultrathin Ti;C, MXene nanosheets were prepared according to
a method reported in the literature.>® The synthesized Ti;C,-
Mxene was amino-modified with APTES. 3 mL of ethanol and
12 mL of ultrapure water were added to 30 mg of Ti;C, MXene,
and the dispersion was mixed by ultrasonication. After 200 pL
of APTES was slowly added, the dispersion was stirred at room
temperature for 24 h.>' After centrifugation, the sample was
washed several times with ultrapure water and was sub-
sequently vacuum-dried at 50 °C overnight to obtain a black
powder. The purified product was then dispersed in ultrapure
water to obtain an NH,-Ti;C,-MXene solution at a concen-
tration of 0.5 mg mL~". The solution was stored at 4 °C until
subsequent use.

2.4 Synthesis of AuNPs-Ru-Arg

[Ru(bpy),(mcpbpy)]Cl, (14.8 mg) was dissolved in 1 mL of
ultrapure water, and 8.6 mg of sulfo-NHS and 30.6 mg of EDC
were then added to activate carboxyl at 4 °C for 2 h. 7 mg of
L-Arg were added, and the mixture was continuously stirred for
4 h to obtain a Ru-Arg complex. The obtained complex solu-
tion was dialyzed in a dialysis bag (molecular weight cut off:
100-500) for 4 h, and the final product was diluted with 2 mL
of ultrapure water. AuNPs with a size of 50 nm were syn-
thesized by reducing HAuCl, with citrate. 10 mL of AuNP solu-
tion was added to 100 pL of Ru-Arg complex solution, and the
mixture was stirred at room temperature for 0.5 h until a black
precipitate was formed. After centrifugation and rinsing with
water, the AuNPs-Ru-Arg complex was obtained. The complex
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was redispersed in 10 mL of ultrapure water and then stored at
4 °C until later use.

2.5 Fabrication of the AuNPs-Ru-Arg@NH,-Ti;C,-MXene
nanocomposite

While shaking, 2 mL of NH,-Ti;C,-MXene solution was added
dropwise to AuNPs-Ru-Arg solution at the same volume. The
mixture was shaken overnight on a shaker. The sample was
then centrifuged at 7000 rpm, washed several times with ultra-
pure water, redispersed in 2 mL ultrapure water, and then
stored at 4 °C until subsequent use.

2.6 Preparation of a disposable ECL sensor chip

In this experiment, a PET screen-printed electrode (SPE) inte-
grated with three electrodes including a working electrode
(carbon), a counter electrode (carbon), and a reference elec-
trode (Ag/AgCl) was utilized to construct a disposable sensor
chip. Firstly, the SPE electrode was pretreated and washed suc-
cessively with ultrapure water, alcohol, and a mixture of ultra-
pure water and alcohol at a ratio of 1: 1. In 0.05 M H,SO, solu-
tion, the electrode was subjected to cyclic voltammetry scan-
ning at a voltage range of 0.5 to 1.1 V and a scanning speed of
0.1 V s™* until a stable CV curve was obtained, after which, the
electrode was dried for later use.”® After AuUNPs-Ru-Arg@NH,-
Ti3C,-MXene suspension (10 pL) was added dropwise and the
treated SPE working electrode was dried at room temperature.
Then, 10 pL of anti-CEA at a concentration of 100 pg mL™" was
added dropwise, and after incubating at 4 °C for 12 h, the
modified electrode anti-CEA/AuNPs-Ru-Arg@NH,-Ti;C,-MXene
was obtained. To block nonspecific adsorption, BSA (5 pL,
10 mg mL™") was added to the surface of the electrode, and
the electrode was incubated at room temperature for 1 h. After
each modification step, the electrode was washed with PBS
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(0.1 M, pH 7.4). Finally, the obtained ECL sensing chip was
stored at 4 °C until subsequent experiments.

2.7 Detection of CEA

Firstly, CEA antigen solutions at different concentrations were
prepared with PBS (0.1 M, pH 7.4). CEA at different concen-
trations or treated sample solution (10 pL each) was added
dropwise to the working electrode, and the electrode was incu-
bated at 37 °C for 1 h. Then, the surface of the electrode was
rinsed with PBS. SPE was placed in a small beaker containing
10 mL of PBS (0.1 M, pH 7.4), and the ECL detection was per-
formed. The voltage of the photomultiplier tube was set at 800
V. The sample was scanned at 0.2-1.3 V at a scanning speed of
0.1Vs

3. Results and discussion
3.1 Characterization of the materials

First, the obtained Ti;C,-MXene nanosheets were analyzed by
XRD to identify their crystal structure (Fig. 2a). Several sharp
diffraction peaks are located at 6.1°, 18.2°, 30.4°, 36.9°, 43.0°,
and 69.6° in the XRD pattern, which is consistent with a pre-
vious report.”® As can be observed in the SEM image (Fig. 1a),
after being functionalized with APTES, the surface of the
Ti;C,-Mxene nanosheets was transparent and smooth. A slight
overlap between the sheets could also be observed. This is
mainly due to the shear force generated during stirring, which
can result in a slight decrease of flatness of the sheets.
According to the TEM images, the NH,-Ti;C,-MXene
nanosheets had thin, stratified structures (Fig. 2b). Based on
the TEM image shown in Fig. 2c, the average diameter of
AuNPs was about 50 nm. The Ru complex covalently linked
with 1-Arg was positively charge and thus was able to combine
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Fig. 1 (a) XRD pattern of TizC,-MXene nanosheets, and an SEM image of NH,-TizC,-MXene nanosheets. (b) TEM image of NH,-TizC,-MXene
nanosheets. (c) TEM image of AuNPs. (d) TEM image of the AUNPs-Ru-Arg complex. (e) UV-Vis spectra of AuUNPs and the AuNPs-Ru-Arg complex. (f)

TEM image of the AuNPs-Ru-Arg@NH;-TizC,-MXene nanocomposite.
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Fig. 2 ECL response in 0.1 M PBS (pH 7.4) (a), CV (b) and EIS (c) of the modified SPE in 0.1 M KCl solution containing 5 mM [Fe(CN)¢]* /4. a: Bare
SPE. b: NH,-TizC,-MXene. c: AuNPs-Ru-Arg. d: AUNPs-Ru-Arg@NH,-TizC,-MXene.

with negatively charged AuNPs through electrostatic inter-
actions. The TEM image (Fig. 1d) showed that the diameter of
the AuNPs-Ru-Arg complex was still 50 nm. The UV-Vis spec-
trum (Fig. 1e) showed that the absorption peak of AuNPs in
the AuNPs-Ru-Arg complex was slightly red-shifted and wider
compared with that of uncomplexed AuNPs at 520 nm, and the
characteristic absorption peak of the Ru complex appeared at
284 nm.

Amino groups on the surface of NH,-Ti;C,-MXene
nanosheets were found connecting to the AuNPs-Ru-Arg
complex through Au-N covalent bonds. In addition, the zeta
potential results indicated that the NH,-Ti;C,-MXene
nanosheets were positively charged, while the AuNPs-Ru-Arg
complex was negatively charged. Thus, it is likely that the two
tightly bind to one another through electrostatic interactions.
The fabricated AuNPs-Ru-Arg@NH,-Ti;C,-MXene nano-
composite was characterized by TEM. As can be seen in Fig. 1f,
AuNPs-Ru-Arg was bound to the surface of NH,-Ti;C,-MXene,
an indication that the nanocomposite was successfully
prepared.

3.2 Performance of the materials

To study the effect of NH,-Ti;C,-MXene as a carrier on the
electrochemiluminescence of AuNPs-Ru-Arg, ECL tests were
performed on bare SPE electrodes, NH,-Ti;C,-MXene
nanosheets, AuNPs-Ru-Arg, and AuNPs-Ru-Arg@NH,-Ti;C,-
MZXene nanocomposites. According to the results displayed in
Fig. 2a, the luminescence intensity of AuNPs-Ru-Arg@NH,-
Ti;C,-MXene nanocomposites was about 7 times higher than
that of AuNPs-Ru-Arg under the same conditions. This
suggests that the introduction of the MXene could greatly
improve the luminescence efficiency of Ru complexes.

According to the literature,®*>* the ECL luminescence
mechanism of AuNPs-Ru-Arg@NH,-Ti;C,-MXene
composites may be as follows:

nano-

[AUNPs-Ru( 1)-Arg@NH,-Ti; C,-MXene]
— e~ — [AuNPs-Ru( m)-Arg@NH,-Ti;C,-MXene]
L-Arg — e~ — L-Arg”

L-Arg"" — L-Arg” + HT

This journal is © The Royal Society of Chemistry 2022

[AuNPs-Ru( m)-Arg@NH,-Ti;C,-MXene]
+ 1-Arg" — [AuNPs-Ru( 11)-Arg@NH,-Ti;C,-MXene|* + 1-Arg

[AuNPs-Ru( 11)-Arg@NH,-Ti;C,-MXene]*
— [AuNPs-Ru( u)-Arg@NH,-Ti; C,-MXene| + hv

To explain the mechanism by which the MXene promotes
the luminescence efficiency of AuNPs-Ru-Arg, we further con-
ducted CV and EIS tests on AuNPs-Ru-Arg@NH,-Ti;C,-MXene
nanocomposites using 5 mM [Fe(CN)s]*~"*~ solution contain-
ing 0.1 M KCl as the working electrolyte. The results are shown
in Fig. 2b. Comparison of the CV curves showed that the
MXene-modified SPE electrode had the highest redox peak
current, which is likely due to the excellent conductivity and
large specific surface area of NH,-Tiz;C,-MXene. The redox
peak current of the AuNPs-Ru-Arg@NH,-Ti;C,-MXene nano-
composite-modified electrode was slightly lower than that of
NH,-Ti;C,-MXene. This observation is likely attributed to the
repulsion effect of a large number of negative charge pairs at
the electrode surface in [Fe(CN)e]* ™7, which can hinder the
transfer of electrons.’® Compared with the bare SPE electrode
and AuNPs-Ru-Arg-modified electrode, both NH,-Ti;C,-MXene
and AuNPs-Ru-Arg@NH,-Ti;C,-MXene had better electron
transfer abilities, which is a further indication that an MXene
could feasibly be used as a conductive channel to construct an
ECL luminescent probe. In addition, the EIS test was mainly
used to characterize the conductivity of different materials via
monitoring the electron transfer resistance R, at the surface of
the electrode. Similar to the CV results, Fig. 2c¢ shows that the
NH,-Ti;C,-MXene-modified SPE exhibited a very small semi-
circle, suggesting that it can rapidly transfer electrons. The
introduction of negatively charged AuNPs-Ru-Arg caused the
electrostatic repulsion of AuNPs-Ru-Arg@NH,-Ti;C,-MXeneto
[Fe(CN)6]3_/4_ to increase, in turn causing the R to increase.
However, the impedance of this composite was still lower than
that of the bare SPE electrode and AuNPs-Ru-Arg-modified
electrode. These EIS results indicate that the introduction of
the MXene can effectively increase the electron transfer
efficiency due to the special nanostructure and large specific
surface area of the MXene.*® Based on the above results, the
prepared ECL luminescent material has excellent lumine-
scence properties, and the MXene appears to play a key role in
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the properties. On the one hand, as an ideal electronic conduc-
tor, the MXene can greatly improve the electron transfer rate
on the electrode surface. On the other hand, the large specific
surface area of the MXene not only is conducive to mass trans-
fer, but also can be used as an efficient nanocarrier for
loading of a large quantity of the luminescent reagent AuNPs-
Ru-Arg, thereby allowing an enhancement of the ECL signal.

3.3 Construction of an ECL sensing system

Based on the above results, we further constructed a disposa-
ble ECL sensor chip from the AuNPs-Ru-Arg@NH,-TizC,-
MXene nanocomposite, and then used it in CEA detection.
The detection principle of the ECL sensor chip is shown in
Fig. 3. Ru complexes have excellent electrochemiluminescence
properties, and r-Arg can be used as a co-reactant. The covalent
link between Ru and r-Arg can lead to the self-enhancement of
the ECL signal. The AuNPs-Ru-Arg complex is formed through
the electrostatic interaction between AuNPs and Ru-Arg, and
the introduction of AuNPs can provide a large number of
binding sites for biomolecules. The large specific surface area
and superior conductivity of the MXene material allow an
increase of the electron transfer efficiency. The amino-
modified MXene allows higher loading of the AuNPs-Ru-Arg
complex; thus, the electrode can exhibit stronger ECL
signals. A disposable ECL sensor chip was constructed by suc-
cessively dripping the AuNPs-Ru-Arg@NH,-Ti;C,-MXene nano-
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composite, anti-CEA and BSA onto the pretreated working SPE
electrode. When the electrode surface is modified with an anti-
body and then combined with CEA, the electron transfer and
the diffusion of the electrolyte on the electrode surface can be
hindered due to the insulation of protein molecules and the
steric hindrance of the antigen-antibody conjugate. As a
result, the ECL signal is decreased. This shows that the inten-
sity of ECL can be changed by gradually changing the concen-
tration of CEA, allowing the detection to be realized.

The sensing process of the ECL sensing system was charac-
terized by CV, ESI and ECL. As can be seen in the CV curve
(Fig. 4a), after anti-CEA, BSA, and CEA were sequentially
assembled on the surface of the AuNPs-Ru-Arg@NH,-TizC,-
MXene-modified electrode, the redox peak current was gradu-
ally decreased, indicating that the sensor was successfully con-
structed. The EIS results also showed the same trend (Fig. 4b).
After anti-CEA was incubated on the electrode surface, the elec-
tron transfer on the electrode surface was hindered; therefore,
the R.. of the electrode was significantly increased.
Subsequently, BSA, which was used to block non-specific
binding, became non-conductive, causing the R, to further
increase. Finally, the antigen-antibody complex was formed
after CEA was modified on the electrode surface, which further
hindered the electron transfer, causing the R. to reach its
maximum value. Each of the above steps is an indicator that
the electrochemical sensor was successfully constructed. We
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Fig. 3 Schematic representation showing the detection principle of the prepared ECL biosensor.
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Fig. 4 Characterization by (a) CV and (b) EIS in 0.1 M KCl solution containing 5 mM [Fe(CN)g]* /4~ and (c) ECL response in 0.1 M PBS (pH 9.4) of the
modified SPE. a: AuNPs-Ru-Arg@NH,-TizC,-MXene. b: AuNPs-Ru-Arg@NH,-TizC,-MXene/anti-CEA. c: AuNPs-Ru-Arg@NH,-TizC,-MXene/anti-
CEA/BSA. d: AuNPs-Ru-Arg@NH,-TisC,-MXene/anti-CEA/BSA/CEA. Anti-CEA: 10 uL at 100 pg mL™. BSA: 5 uL at 10 mg mL™. CEA: 10 pL at 10 ng

mL™L
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further characterized the performance of the sensor through
its ECL signal. As shown in Fig. 4c, after anti-CEA and BSA
were modified on the electrode surface, the ECL intensity
decreased significantly. After being further modified with CEA,
the ECL intensity further decreased, which is an indication
that the ECL sensing system could be used for CEA detection.
In addition, compared with CV and EIS, the ECL system had
higher sensitivity, suggesting that it is a better detection
system.

3.4 Performance of the ECL sensor chip

Firstly, we investigated the influence of time for the incubation
of CEA and AuNPs-Ru-Arg@NH,-Ti;C,-MXene/anti-CEA/BSA
on the SPE sensor chip on the ECL signal. As shown in Fig. 5a,
the ECL signal gradually decreased with the increase of incu-
bation time, and the luminescence intensity was rather stable
after 1 h, which indicates that the formation of the antigen-
antibody complex was nearly complete within 1 h. Therefore,
1 h was selected as the optimal time in CEA detection
experiments.
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Under the optimum conditions, CEA solutions at different
concentrations were added onto the surface of the working elec-
trode, and after incubating for 1 h, the ECL signal was
measured. As shown in Fig. 5b, the ECL signal intensity gradu-
ally decreased with the increase of CEA concentration, reaching
a plateau after the CEA concentration reached 200 ng mL™".
When the concentration of CEA was between 0.01 and 150 ng
mL™", the ECL signal and log CEA concentration had a linear
relationship (Fig. 5c) with a linear equation I = —1179.65 x Ig
[CEA] + 3374.29 (Fig. 5(b)), r = 0.9991; and the detection limit
(36) was 1.5 pg mL". Table 1 shows the results from different
CEA detection methods. The comparison showed that our
sensor chip exhibited better analytical performance, a wider
detection range and a lower detection limit. Compared to other
ECL immunosensors (Table 2), we used disposable SPE electro-
des to avoid tedious pretreatment steps, which make our sensor
simple and more repeatable than GCE electrodes, and can be
used for rapid detection.

Stability and reproducibility are key evaluators that can be
used to evaluate the practical application of an ECL sensing
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Fig. 5 (a) Variation of the ECL intensity of 10 ng mL™* CEA with cleavage time detected with the ECL biosensor. (b) Response of the ECL biosensor
to the presence of CEA at different concentrations: 0, 0.01, 0.05, 0.1, 0.5, 1.0, 5.0, 10.0, 50.0, 100.0, 150.0, and 200.0 ng mL™2. (c) Calibration curve

used for determining the CEA concentration.

Table 1 Comparison of different methods used for the detection of CEA

Methods Strategies Detection range (ng mL™") LOD (pg mL™")  Ref.
Differential pulse voltammetry G-quadruplex DNAzyme 2-45 240 37
Surface plasmon resonance Dual signal amplification 1-1000 100 38
Pressure-based immunoassays Triple-step signal amplification 0.1-90 81 39
Fluorescence resonance energy transfer Sandwich-format immunoassay 1.2-490 46 40
Enzyme-linked immunochromatographic sensor ~ Smartphone-based system 0.031-1.95 16 41
Electrochemical impedance spectroscopy Aptamer 0.01-10 8.88 42

ECL Self-enhanced ECL luminescence  0.01-150 1.5 This work

Table 2 Comparison of different ECL immunosensors

ECL immunosensors Detection range (ng mL™") LOD (pg mL™") Ref.
GC-Au-g-C;N, NHs/Ab/BSA/CEA 0.02-80 6.8 43
GCE-G-CdTe/Ab1/CEA/ZnFe,0,@Au-Ab2 0.01-50 4 44
GCE-AuNP@NPCGO/Ab1/CEA/RuSiNP-Ab2 0.01-80 3 45
GCE-luminol/r-Co;04 NRs/Ab/CEA 0.005-500 2.9 46
GCE-AgNPs/Ab1/CEA/AuNPs/CODs-PEI-GO 0.005-500 1.67 47
SPE-AuNPs-Ru-Arg@NH,-Ti;C,-MXene/Ab/BSA/CEA 0.01-150 1.5 This work

This journal is © The Royal Society of Chemistry 2022
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Fig. 6 Stability of the ECL signal after being subjected to continuous scanning for 10 cycles: (a) 10 pL of 10 ng mL™* CEA and (b) 6 batches of elec-
trode, and electrode stored for 15 days. (c) Selectivity of the ECL biosensor towards 10 ng mL~* CEA in the presence of 10 ng mL™* each of interfering

substances.

system. CEA at a concentration of 10 ng mL~" was used in this
experiment. After 10 cycles of continuous cyclic potential scan-
ning, the ECL signal was not obviously changed, and the RSD
was less than 3%. This suggests that the material on the
surface of the sensor chip has high stability. The RSD calcu-
lated based on SPE electrodes modified with the same material
but in different batches was less than 8%, indicating that the
sensor chip has high reproducibility. A batch of modified elec-
trodes was stored in a dryer away from light, and the chip was
tested daily. The signal of the sensor chip was changed with
an RSD of less than 15% after 15 days, an indication that the
chip has good reproducibility.

To evaluate the selectivity of the sensing system, we
employed several commonly used proteins, such as AFP, BSA
and IgG, as interfering substances. At a concentration of 10 ng
mL~", the proteins caused little changes in the ECL signal
intensity compared to the blank control. In contrast, the pres-
ence of CEA caused the ECL signal intensity to decrease sig-
nificantly, indicating that the developed sensor chip has high
selectivity towards CEA (Fig. 6).

In addition, the SPE electrode utilized in this study is dispo-
sable with a low cost of less than $1, does not require pretreat-
ment and is conveniently accessible, and combined with its
excellent performance in CEA detection, it may have great com-
mercialization potential.

3.5 Detection of CEA in human serum samples

To assess the practical application of the developed ECL
sensor chip, the sensor was used to detect CEA in human
serum. The concentrations of CEA in the serum of healthy
humans range from 0 to 5.0 ng mL™", and those in the serum
of patients with liver cancer, gastric cancer and colorectal

Table 3 Detection of CEA in human serum samples using the ECL
sensor chip (n = 3)

Content of Spiked Detected

CEA (ng mL™") (ng mL™) (ng mL™") Recovery RSD
None 0.1 0.103 103% 2.8%
None 1.0 0.96 96% 5.2%
None 10.0 9.37 93.7% 3.7%
None 50.0 46.2 92.4% 6.3%

1992 | Analyst, 2022, 147,1986-1994

Table 4 Analysis of serum samples from cancer patients (n = 3)

Measured Relative
Samples Tumor types (ng mL™") ELISA error
1 Gastric cancer 29.6 31.9 7.2%
2 Liver cancer 45.8 49.8 8.0%
3 Colon cancer 125 137 8.8%

cancer are significantly higher.*® The clinical monitoring of
the CEA concentration can be beneficial for the early diagnosis
of cancer, the grading of cancer and the correlation analysis of
prognosis.*> We employed our ECL sensor chip to detect CEA
in serum samples of healthy humans, serum samples of
healthy humans spiked with CEA (Table 3), and serum
samples from 1 patient with gastric cancer, 1 patient with liver
cancer and 1 patient with colon cancer, and the results were
compared with those obtained from ELISA (Table 4). The com-
parison showed that the relative deviation between our
method and ELISA was less than 8.8% and the recovery rates
were between 92.4% and 103%. This shows that our method
may have great application potential in clinical cancer
diagnosis.

4. Conclusions

In summary, we developed a novel type of disposable ECL
sensor chip for CEA detection. As a result of insulation by
protein molecules and steric hindrance caused by antigen-
antibody bioconjugates, the ECL signal of the AuNPs-Ru-
Arg@NH,-Ti;C,-MXene nanocomposite-modified SPE elec-
trode was inhibited, making the detection of CEA possible.
Furthermore, NH,-Ti;C,-MXene, which has a larger specific
surface area and excellent electrical conductivity, was used as a
carrier. After being loaded with AuNPs-Ru-Arg, the luminescence
intensity was increased by 7 fold. This is the first time an MXene-
loaded Ru luminescent material was used to detect CEA through
an ECL sensing system, which not only had high sensitivity, but
also high stability. The developed sensor chip was employed to
detect CEA in human serum, and the operation was rapid and
convenient. With its low cost, the chip may have broad appli-
cations in cancer diagnosis and prognosis.

This journal is © The Royal Society of Chemistry 2022
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