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ABSTRACT: Herein, we reported an efficient electrochemiluminescence (ECL) N o
biosensor chip for sensitive detection of neuron-specific enolase (NSE). First,
3,4,9,10-perylenetetracarboxylic acid with good luminescence characteristics was

used as a luminophore to obtain a stable ECL signal. Subsequently, hollow porous
Co0;0,/CuO concave polyhedron nanocages (CPNCs) were designed as co-

hy
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reaction promoters to amplify the luminescence signals for highly sensitive trace e
detection of NSE. In brief, the rapid cyclic conversion of Co0%**/Co*" and Cu**/Cu* sor e\ oo
redox pairs could continuously catalyze the reduction of persulfate (S,04>7), thus ( ; ,\\v Prf * /x:?”‘;
providing a large number of essential active intermediates (SO,*”) for ECL W ow oA o
emission. Meanwhile, the unique structure of Co;0,/CuO CPNCs possessed a & Voo, ne [

i =

@ o, mo 0: HO

large specific surface area, which greatly improved its catalytic efficiency. Third,
NKFRGKYKC was developed as an affinity ligand for specific antibody fixation,
which improved incubation efficiency and protected bioactivity of antibodies.
Finally, we independently designed a microchip and applied it for ECL detection to improve the practical application ability of the
sensor. The developed biosensor exhibited good sensitivity with a wide linear range (10 fg/mL to 100 ng/mL) and a low detection
limit (3.42 fg/mL), which played an active role in the clinical application of sensing analysis.

KEYWORDS: electrochemiluminescence, biosensor chip, Co;0,/CuO CPNCs, co-reaction promoter, NKFRGKYKC

lectrochemiluminescence (ECL) is specific chemilumi- optical properties,'”*’ which has stable ECL emissions in
nescence initiated by electrochemistry, which retains the persulfate (S,04>7), so we selected it as an ideal luminophore.
good peculiarities of chemiluminescence, for instance, high To increase sensitivity of the biosensor, a ternary ECL system
sensitivity and a wide response range."”” Meanwhile, it also has was designed to amplify ECL signals. Herein, we developed
the advantages of stable luminescence signals, strong temporal hollow porous Co;0,/CuO concave polyhedral nanocage
and spatial controllability, and high reproducibility.”* For the (CPNC) heterojunctions as co-reaction promoters by using
moment, ECL has been used in immunoassay,5'6 environ- metal—organic frameworks (MOFs) as self-sacrificing tem-
.78 . 9,10 .
mental monitoring,”” cell analysis,” " and other fields. plates.”’ The prepared Co0;0,/CuO CPNCs showed high
Neuron-specific enolase (NSE) is a specific acidic protease catalytic efficiency for the decomposition of $,04>~ because of
of neurons and neuroendocrine cells.'’ As a macromolecular its large specific surface area and variable valence states of
protein, its molecular weight is 78 kD."” NSE is overexpressed metal ions.
in small-cell lung cancer (SCLC), resulting in significantly The sensitivity and stability of the biosensor are affected by

elevated serum NSE (the normal value is less than 15 ng/
mL).">"* Therefore, NSE is one of the preferred markers for
SCLC clinical diagnosis. In addition, because the serum NSE
level in SCLC is higher than that in non-small-cell lung cancer
(NSCLC), it is also used for the differential diagnosis of SCLC

and NSCLC." Herein, we developed an ECL biosensor for ] _ -
NSE trace detection. Received:  April 15, 2022 SENSORS

Accepted: July 19, 2022 (¢ g
Published: August 3, 2022

antigen binding capacity, and the antigen binding sites are
distributed in the variable regions (Fab fragments) of the
antibodies.””** The traditional antibody fixation methods are
random, which cannot avoid an occupation of Fab fragments,

As an organic perylene dye, 3,4,9,10-perylenetetracarboxylic
acid (PTCA) has high application prospects in the field of
electrochemistry because of large specific surface areas and
excellent conductivity and film-forming properties.'®”"* Mean-
while, PTCA also exhibits excellent organic electronic and
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Scheme 1. Fabrication Process of the Biosensor

BTV SN T) N

PTCA EDC/NHS

Ab:

BSA

PTCA-NKF-Ab2

With target

Without target

—

C0304/Cu0O

thus affecting antigen binding ability of the antibodies.”*
NKFRGKYKC (NKF), as a short peptide ligand, specifically
links Fc fragments of antibodies to protect its antigen binding
activity.”® Therefore, antibodies immobilized based on NKF
could recognize and capture antigens more quickly and
effectively, thus improving biosensor sensitivity. In addition,
due to the protection of antibody activity by NKF, the storage
time of the sensor was prolonged, thereby improving its
stability. Combined with the related references and exper-
imental results,”*™>* we inferred that NKF improved the
sensitivity and storage stability of the biosensor through a
targeted antibody immobilization strategy.

In this work, we developed an efficient ECL biosensor for
NSE trace detection. First, PTCA was selected as a
luminophore to gain stable ECL emission. Second, Co;0,/
CuO CPNCs with high catalytic ability were prepared to
promote the reduction of S,04*~ for more sulfate radicals
(SO,°7), so as to obtain a strong luminescence signal.
Specifically, the two redox pairs of Cu*/Cu** and Co®*/Co**
in it could continuously react with S,04°" through the
reversible conversion of the valence state, thereby generating a
large amount of SO,*”. At the same time, its unique hollow
structure showed a large specific surface area, which further
improved the catalytic efficiency. Third, NKF was introduced
for the directional fixation of antibodies, which protected the
activity and improved the sensitivity of the biosensor. Finally,
we designed a portable detection chip based on a three-
electrode system to improve the practical application ability of
the biosensor, which exhibited many unique advantages. In
brief, the ECL sensor based on the chip possessed the
peculiarities of miniaturization and less reagent consumption.
Subsequently, the portability of the chip can realize the real-
time detection of samples, thus improving practical application
ability and detection efficiency of the sensor. Furthermore, all
ECL reactions are carried out in the chip, which reduces the
pollution of the samples and improves storage stability of the
sensor. The developed biosensor showed a low detection limit
(3.42 fg/mL), providing a positive reference for the clinical
real-time diagnosis of sensing analysis.

B EXPERIMENTAL SECTION

Reagents and Apparatus. NSE, NSE primary (Ab,) and
secondary (Ab,) antibodies, and NKFRGKYKC were acquired from
Nanjing Kingsrui Technology Co., Ltd. Cobalt nitrate hexahydrate
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[Co(NO;),-6H,0], copper nitrate hexahydrate [Ce(NO;),-6H,0],
ferric chloride (FeCl), and bovine serum albumin (BSA, 96%) were
gained from Macklin Biochemical Co., Ltd. All reagents used in the
system were of analytical grade, and ultrapure water (18.25 MQ-
cm™") was used throughout the work.

X-ray powder diffraction (XRD) patterns were obtained with a D8
ADVANCE X-ray diffractometer (Bruker AXS, Germany). The
microstructure of nanomaterials was characterized by scanning
electron microscopy (SEM, JEOL JSM-6700F, Japan) and trans-
mission electron microscopy (TEM, JEOL JEM-2100F, Japan). The
elemental composition of the synthesized nanomaterials was obtained
by X-ray photoelectron spectroscopy (XPS, ESCALAB MK II, UK).
Fluorescence (FL) emission spectra were acquired under excitation at
365 nm using an Edinburgh Instruments FLS920 spectrometer
(Edinburgh Instruments, UK). The ECL signal was detected using an
MPL-E electrochemiluminescence analyzer (Xi'an remax Electronic
Science Tech. Co., Ltd).

Preparation of PTCA-NKF-Ab, Signal Probes. First, 50 mg of
3,4,9,10-perylenetetracarboxylic dianhydride was dissolved in 25 mL
of NaOH solution and heated to complete dissolution. Subsequently,
the dilute HCI (1 M) was added until its color changed from yellow
green to red, thereby obtaining PTCA. Next, the prepared PTCA was
dispersed in S mL of phosphate-buffered saline (PBS), and then, a 2
mL mixture of EDC (40 mM) and NHS (10 mM) was added to
activate its carboxyl groups. After that, 1 mL of NKF was dispersed in
it to obtain PTCA-NKF through the aldol condensation reaction.
Finally, 100 L of Ab, and 8 uL of BSA (1%) were added successively
to acquire PTCA-NKF-Ab, signal probes.

Preparation of C0;0,/CuO CPNCs. Co,0,/CuO CPNCs were
synthesized according to previous reports with minor modifications."
Briefly, 0.66 g of 2-methylimidazole and 0.5 g of Co(NO;),-6H,0
were successively dissolved in 50 mL of methanol named solution 1
(S1) and solution 2 (S2), respectively. Afterward, S1 was slowly
poured into S2 and stirred evenly. After standing for 24 h, the ZIF-67
template was obtained by centrifugation and washing. Next, 150 mg
of ZIF-67 template was dissolved in 100 mL of ethanol, and then, 25
mg of Cu(NO;),-6H,0 was added. Finally, the precipitate was
collected by centrifugation, washing, and drying and then calcined at
500 °C for 2 h to obtain Co;0,/CuO CPNCs.

Subsequently, the prepared Co;0,/CuO was aminated. Specifi-
cally, 50 mg of Co;0,/CuO was dissolved in the mixture of 30 mL of
ethanol and 2 mL of ultrapure water. Afterward, 2 mL of NH;-H,O
and 200 uL of (3-aminopropyl)trimethoxysilane were added with
ultrasound for 10 h. Finally, the functionalized Co0;0,/CuO was
acquired by centrifugation and washing.

Preparation of the Chip. First, the electrode substrate needed to
be prepared. Specifically, the ink was printed on the treated indium tin
oxide (ITO) with a self-made screen printing template and then dried

https://doi.org/10.1021/acssensors.2c00819
ACS Sens. 2022, 7, 2273-2280


https://pubs.acs.org/doi/10.1021/acssensors.2c00819?fig=sch1&ref=pdf
https://pubs.acs.org/doi/10.1021/acssensors.2c00819?fig=sch1&ref=pdf
pubs.acs.org/acssensors?ref=pdf
https://doi.org/10.1021/acssensors.2c00819?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Sensors

pubs.acs.org/acssensors

>

@)

(102)
2
<
~
2z (010)
‘@
g
£ 201
= am (201)
=
T T T T T T
0 20 30 40 50 60 70
20/ degree D
493 nm 524 nm
. —
2 Z 3
~ ~ N
3 > Z
= = i)
< 2] o=
£ g £
E £ 3
E) 0= .E
=1
s =)
= 1773 em” . =
4k 3k ko, Ik 400 500 600 700
Wavenumber / cm Wavelength / nm

Figure 1. Characterization of PTCA. (A) XRD pattern, (B) SEM image, and (C) FT-IR spectrum of PTCA. (D) ECL (red curve) and FL spectra

(blue curve) of PTCA.
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Figure 2. Characterization of Co;0,/CuO. (A) XRD pattern, (B) SEM, (C) TEM, and (D) HRTEM images of Co;0,/CuO. XPS spectra of (E)
Co 2p and (F) Cu 2p regions of Co;0,/CuO.

at 120 °C. Afterward, the conductivity of ITO was removed by wet
etching (etching solution: FeCl;/HNO;/HCI = 0.5 M/1 M/1 M),
and then, the ink was washed with acetone. Next, the processed ITO
was sonicated in ethanol and boiled in KOH solution. Finally, the
functionalized Co0;0,/CuO was modified on it as an initial working

electrode to obtain the

electrode substrate.

Subsequently, a polydimethylsiloxane microchannel was fabricated
by soft lithography, and the microchannel and the electrode substrate
were surface-treated with oxygen plasma for 50 s to bond them.
Afterward, the prepared chip was heated to bond it firmly. Next, the
reference electrode (Ag/AgCl) and the auxiliary electrode (Pt
electrode) were inserted into the chip through the reserved electrode
hole. Thus, the chip integrating the three-electrode detection system

2275 https://doi.org/10.1021/acssensors.2c00819
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Figure 3. ECL, CV, and EPR tests of the reaction system. (A) ECL signals of the biosensors at different antibody incubation times. (B) ECL signals
of the biosensors after different storage times. (C) ECL responses of (a) bare electrode, (b) PTCA, (c) PTCA/Co0;0,/Cu0, and (d) Co;0,/CuO
in 50 mM $,04*” and (e) PTCA and (f) PTCA/Co0,0,/CuO in PBS. (D) ECL spectra of PTCA and PTCA/Co0,;0,/CuO in 50 mM S,04*". (E)
CV curves of PTCA, PTCA/Co0,0,/Cu0, and Co;0,/CuO in 50 mM S,04>". (F) EPR spectrum analysis.

has been successfully prepared. The diagram of the preparation of the
chip is presented in the Supporting Information.

Fabrication of the Biosensor. The specific fabrication process is
shown in Scheme 1. First, 10 yL of the carboxyl-activated NKF was
injected into the chip through inlet 1 to connect the substrate
materials. After that, 20 yL of Ab, and S uL of BSA were injected
successively through inlets 2 and 3 and then incubated for 2 h. Next,
15 uL of different concentrations of NSE was introduced through
inlet 4 and incubated for SO min. Finally, the prepared PTCA-NKEF-
Ab, probes (20 uL) were injected through inlet S, and thus, the
biosensor was successfully fabricated. During the construction process
of the biosensor, PBS was introduced for washing to remove the
unbound reagents. The injection flow rate for all samples was S yL/
min.

Measurement Conditions. ECL testing was implemented
through a self-assembled chip integrating a three-electrode system.
K,S,0;4 solution was injected into the chip as coreactants. The
detection apparatus was a MPI-F flow injection chemiluminescence
detector, the photomultiplier tube voltage was 600 V, and the
scanning voltage range was —1.6 to 0 V.

B RESULTS AND DISCUSSION

Characterization of PTCA. In Figure 1A, the XRD pattern
of PTCA shows four diffraction peaks, which are asmégned to
the (111), (010), (102), and (201) crystal planes.'®*” The
SEM image of PTCA (Figure 1B) revealed a short rod-like
structure (450 nm). In Figure 1C, the Fourier transform
infrared (FT-IR) spectrum of PTCA shows several character-
istic peaks. Specifically, the three peaks at 3443, 1773, and
1286 cm™ corresponded to vo_yy, Ve—o, and ve_q, suggesting
the presence of carboxyl groups. Meanwhile, the other peaks at
1595 and 733 cm™" were attributed to vc—c and S_c_y;, which
indicated the existence of aromatic rings.'””" Figure 1D shows
the FL and ECL emission spectra of PTCA, and an obvious
ECL emission peak appeared at 493 nm. Meanwhile, the FL

)
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emission peak position of PTCA was 524 nm under an
excitation light source of 365 nm. These results demonstrated
the successful preparation of PTCA, and the prepared PTCA
had good luminescence properties.

Characterization of C030,/CuO CPNCs. According to
the XRD patterns (Figure 2A), the characteristic peaks of
C0;0,/CuO were indexed as the cubic phase of Co;0,
(JCPDS 42-1467) and the monoclinic phase of CuO
(JCPDS 48-1548). Meanwhile, no other diffraction peaks
were observed, confirming the coexistence of the two metal
oxides. In Figure 2B, the SEM image of Co;0,/CuO shows a
concave polyhedron structure with a uniform particle size (200
nm). The TEM image displayed that Co;0,/CuO was
composed of multiple small nanoparticles and possessed a
hollow porous structure (Figure 2C). In addition, lattice
fringes were observed in the high-resolution transmission
electron microscopy (HRTEM) image. Specifically, a fringe
spacing of 0.45, 0.28, and 0.24 nm was attributed to (111),
(220), and (311) crystal planes of Co;0,, respectively. At the
same time, a fringe spacing of 0.23 and 0.26 nm was attributed
to (111) and (11-1) crystal planes of CuO, respectively
(Figure 2D). The elemental composition and valence state of
Co;0,/CuO were studied by XPS. In Figure S2A, we observed
all elements of Cu, Co, and O in Co;0,/CuO. In Figure 2E,
the two characteristic peaks at 796.2 and 794.6 eV ar attributed
to Co** 2p,,, and Co®* 2p,),, while the peaks at 781.2 and
779.4 €V belong to Co>* 2p,,, and Co*>* 2p;,,."' > The Cu 2p
spectrum of Co;0,/CuO (Figure 2F) showed a Cu 2p,, peak
at 953.6 €V and a satellite peak at 962.3 eV. Meanwhile, the
characteristic peak at 934.2 eV belonged to Cu 2p;,, and the
corresponding satellite peaks were observed at 941.3 and 943.6
eV.**> According to the XPS spectrum of the O 1s region
(Figure S2B), the peak at 529.5 eV could be attributed to the
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metal—oxygen bonds (0*7),”"** and the peak of $31.2 eV may
belong to OH™ of defective oxide and hydroxyl groups.**’

Effects of NKF in the Biosensor. To explore the function
of the affinity ligands on antibody incubation efficiency, the
ECL responses of the constructed biosensors after different
antibody incubation times were studied. As shown in Figure
3A, the ECL responses of the proposed sensor were
continuously enhanced with an increase in antibody incubation
time and then tended to be stable at 50 min (red curve). In
addition, the ECL signals of the control sensor without NKF
leveled off after 120 min, and the final ECL response was also
lower than that of the proposed sensor (black curve).
Therefore, the results indicated that NKF improved the
antibody incubation efficiency.

Subsequently, we tested the signal attenuation degree of the
developed biosensor stored for different times. In Figure 3B,
the ECL signals gradually decreased with an extension of the
storage time. When the storage time reached 25 days, the ECL
response of the biosensor-introduced NKF decreased to 8406
au. (red curve). After calculation, the corresponding signal
attenuation rate was 41%, while that of the sensor without
NKF was 54% (black curve). The above results showed that
NKF protected the activity of the biosensor, thereby
prolonging its storage time.

Signal Amplification Mechanism. First, the ECL signals
of different modified electrodes were detected in PBS
containing 50 mM S,04”". As shown in Figure 3C, the bare
electrodes showed a little ECL emission response. After PTCA
was modified on the electrode, it exhibited an obvious ECL
response, which was attributed to the reaction between PTCA
and S,04*". After continuous modification with Co;0,/CuO,
PTCA/Co030,/CuO showed a strong ECL signal, which was
about 2.7 times than that of PTCA. The results illustrated that
the introduction of Co;0,/CuO greatly improved the above
reaction. Meanwhile, Co;0,/CuO exhibited a stronger ECL
signal than that of the bare electrodes, suggesting that it could
interact with S04~ to enhance the ECL response. In addition,
we also tested the ECL responses of PTCA and PTCA/
Co0;0,/CuO in pure PBS, and the results showed that none of
them produced ECL emission. Subsequently, the ECL spectra
of PTCA and PTCA/Co0;0,/CuQO were obtained to further
investigate the signal amplification mechanism. In Figure 3D,
the ECL intensity of PTCA/Co;0,/CuO was increased
compared to that of PTCA. Meanwhile, the corresponding
peak position did not change (493 nm). Thus, we concluded
that Co;0,/CuO did not react with PTCA.

In addition, the CV curves of PTCA, PTCA/Co50,/Cu0,
and Co;0,/CuO were also investigated. In Figure 3E, the
reduction peak potential of PTCA/Co;0,/CuO-modified
electrode shifted positively (—0.81 to —0.51 V) compared to
that of PTCA. Co;0,/CuO promoted the reduction of S,04>,
thereby accelerating the reaction of PTCA and $,04".
Therefore, the lowering of the reaction barrier reduced
S,05"" at a weaker negative potential (absolute value).
Meanwhile, the peak current increased accordingly, which
was due to the reduction of the reaction barrier that sped up
the reaction rate, thereby promoting the electron transfer
process in the solution. Furthermore, the CV response of pure
Co0;0,/Cu0 in S,04’" was also explored, and the measured
reduction potential was 0.62 V, which further confirmed the
promoting effect of Co;0,/CuO on the reduction of S,04>".
However, the reduction of S,04*” was slightly inhibited due to
the lack of luminophores that reacted with the reduced

product. Therefore, the positive shift degree of reduction
potential of the Co;0,/CuO-modified electrode is weaker than
that of PTCA/Co0;0,/CuO. These results strongly confirmed
that Co;0,/CuO could not act on PTCA but indirectly
improved luminescence signals by promoting the reduction of
$,04>".

To visually verify the proposed reaction mechanisms, we
measured the free radicals in this system by in situ electron
paramagnetic resonance (EPR) spectroscopy. Herein, the EPR
spectrum of the PTCA/Co;0,/Cu0/S,0¢* system was
tested by using S,5-dimethyl-1-pyrroline N-oxide (DMPO) as
a free radical trapping agent. As shown in Figure 3F, we
observed a typical quadruple peak with the peak intensity ratio
of 1:2:2:1, corresponding to the DMPO-OH adducts, which
verified the generation of hydroxyl radicals (OH®).**™*" At the
same time, there were two small peaks between the above four
characteristic peaks, which was the characteristic of DMPO-
SO, adducts, indicating the presence of SO,*~.'”*' In
conclusion, we could confirm that OH® and SO,*” were
generated in the system, confirming the proposed reaction
mechanisms.

Possible ECL Mechanism. The possible luminescence
mechanism is shown in Figure 4. First, $,04”" could obtain

f\; " Enhance

PTCA®
S0, (More) A\ (More) SO,~
( \__ PTCA” / \
Szoxz’/\ T /\ Szoxz-

our PTCA OH"
. Co?t
Cu H,0, H,0,
2+ g’\ &\ CO}
& mo 0, H,0

Figure 4. Schematic diagram of the ECL mechanism.

electrons to produce less SO,*~ (route 1). After that, Co®*/
Co*" and Cu**/Cu" redox couples accelerated the generation
of SO,*. Briefly, Co®/Cu®*" could capture electrons to
produce Co?"/Cu* and then reacted with 52082_ to obtain a
large amount of SO,*~ (orange lines, route 2). Furthermore,
OH® was generated through a series of redox reactions, and
then, the obtained OH® further reacted with S,04>" to
generate more SO,*” (blue lines, route 3). For the ECL
emission process, PTCA first gained electrons to produce
PTCA®™ and then reacted with SO,*” to generate PTCA*.
Finally, the obtained PTCA* transitioned back to the ground
state and produced ECL emission (red lines). The reaction
mechanism formulas were as follows.

Route 1:
$,0;” + e~ — SO} + SO;~ (1)
Route 2:
Co’T/Cu’t 4+ e~ - Co*t/Cu? ()

Co’*/Cut + $,05”
— Co’*/Cu’* + SO;™ + SO} (more) (3)
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Figure S. Performance tests of the proposed biosensor. (A) ECL responses of the biosensor at different concentrations of NSE (a—i: 0.00001,
0.0001, 0.000S, 0.001, 0.01, 0.1, 1, 10, and 100 ng/mL). (B) Calibration curve of the biosensor. (C) Selectivity, (D) stability, and (E)

reproducibility of the biosensor.

Route 3:
O, + 2H,0 + 2¢” - H,0, + 20H™ (4)

Co’*/Cu* + H,0, - Co’*/Cu’* + OH™ + OH"  (5)

OH"® + 8,0;” — O, + HSO; + SO; (more) ()
ECL emission:

PTCA + e~ — PTCA” )
PTCA™ + SO} — PTCA" + SO}~ (8)
PTCA" — PTCA + hv )

Calibration Curve for NSE Detection. In this work, the
ECL signals of a range of different NSE concentrations were
tested under optimal experimental conditions to study the
detection ability of the biosensor (the conditional optimization
process is shown in the Supporting Information). In Figure SA,
the ECL signals continued to rise with the increase in NSE
concentrations. Figure 5B exhibits the linear correlation
between ECL intensity and NSE concentrations (logarithm).
The linear equation was I = 2030.0 lg ¢ + 10799 (I: ECL
intensity and ¢: NSE concentrations). Therefore, the proposed
biosensor had a detection effect in the concentration range of
10 fg/mL to 100 ng/mL, and the calculated detection limit was
342 fg/mL (S/N = 3). Compared with other detection
platforms (Table S1), this study realized more efficient NSE
detection.

Performances of the Biosensor. To explore the
performances of the developed biosensor, its selectivity was
first tested. In Figure SC, the ECL signals of the selected
interferents (procalcitonin, BSA, prostate-specific antigen,
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ascorbic acid, and trypsin) were the same as those of the
blank sample, which were far lower than the target detection
signal. Meanwhile, the ECL signal of NSE was consistent with
that of the mixed sample (1 ng/mL NSE + 10 ng/mL
interferents), which confirmed that the biosensor had good
selectivity. After that, we investigated the stability of the sensor
according to the ECL responses measured by several cycles of
continuous electrode scanning. In Figure SD, the ECL signals
had slight fluctuation with a relative standard deviation (RSD)
of 1.3%. Finally, the reproducibility of the developed sensor
was investigated according to the signals of seven different
modified electrodes (Figure SE). The results showed that the
difference in the ECL signals measured using each electrode
was very small (RSD = 1.2%), which verified the good
reproducibility of the biosensor.

Analysis of Serum Samples. To evaluate practical the
application ability of the biosensor, three different concen-
trations of human serum samples were selected to calculate
RSD and recovery by standard addition method. As shown in
Table S2, the obtained RSD and recovery were 1.5 to 2.3 and
97.5 to 103%, respectively, which indicated that the developed
biosensor had excellent precision and accuracy in serum
sample detection, showing great potential for clinical
application.

B CONCLUSIONS

In summary, a ternary ECL system using PTCA as a
luminophore and Co;0,/CuO as a co-reaction promoter was
designed for efficient NSE detection. First, the reduction of
S,05"" was greatly promoted due to the unique surface
structure of Co0;0,/CuO and the reversible conversion of
Co’*/Co*" and Cu*"/Cu’, thus generating more SO, to
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amplify the ECL signal. Furthermore, NKF was used as a
targeted antibody linker to enhance antibody incubation
efficiency and maintain the activity of the biosensor. Hence,
the detection sensitivity of the proposed biosensor was greatly
improved. Finally, we combined a chip with ECL sensing
analysis to improve the applicability of the sensor for practical
applications. The developed biosensor chip had good stability
and sensitivity, showing good application prospect in clinical
real-time diagnosis.
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