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ABSTRACT: In the field of clinical diagnosis, it is important ~ oor

to construct a potential-resolved multiplex electrochemilumi- PDI Luminol

nescence (ECL) biosensor for decreasing the false-positive o 0.6V 0.6V

rate and improving the diagnostic accuracy. However, the Latminol ECL 2

shortage of low-potential cathodic luminophores between —1 CEA AFP
ECL ECL-1 ECL-3

and 0 V (vs Ag/AgCl) severely limited the development of the

biosensor. Herein, we synthesized a novel luminophore N,N- AFP bioassay
bis-(3-dimethyl aminopropyl)-3,4,9,10-perylene tetracarbox- LSV

ylic acid diimide (PDI), which gave dual emissions at —0.25/
—0.26 V with K,S,04 as a co-reactant in aqueous solution.
The ECL was assigned to excited J-type PDI dimers. Then,

Au@AgNPs

Time (s) 7

separator

PDI and luminol were used as luminophores to respectively

combine with graphite oxide and gold nanoparticles and form potential-resolved ECL nanoprobes. Also, this potential-resolved
ECL nanoprobes were respectively functionalized by secondary antibodies (Ab,) to construct a low-potential sandwiched ECL
immunosensor for tumor markers carcinoembryonic antigen (CEA) and a-fetoprotein (AFP) simultaneous determination
during linear scanning potential range from —0.6 to 0.6 V. The prepared multiplex immunosensor exhibited sensitive ECL
response for CEA at —0.6 V due to PDI and that for AFP at 0.6 V due to luminol, and both linear semilogarithmical ranges were
from 0.1 pg to 1 ng mL™". In addition, PDI with dual ECL peaks showed enticing prospect of built-in self-calibration for a
precise quantitative and bioimaging analysis.
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1. INTRODUCTION

Electrochemiluminescence (ECL) technique has got wide
application in the field of biosensing' ™" because of its low
background interference, rapid response, and high sensitivity.
Highly efficient ECL nanomaterial played an important role in
improving the biosensor’s sensitivity.” Lots of interesting
cathodic luminophores®™® such as perylenetetracarboxylic
acid’ have been reported to emit strong ECL and used to
prepare ECL nanomaterials for constructing biosensors.
However, these cathodic luminophores need a highly negative
ECL potential (more than —1.2 V, some even at —2 V vs Ag/
AgCl) to produce a strong ECL. At such a high potential,
oxygen in the electrolyte also can produce emission,'® which
caused a background signal for the biosensor and decreased its
sensitivity. Lowering the ECL potential of luminophores could
avoid the oxygen emission. However, few low-potential ECL
system have been reported.'"'” Thus, it is essential to design
low-potential luminophores for constructing sensitive ECL
biosensors.

In the field of clinical diagnosis, it is important to construct
sensitive multiplex biosensors'® for decreasing the false-
positive rate and improving the diagnositic accuracy. Multiplex

-4 ACS Publications  © 2019 American Chemical Society 33676

ECL biosensors'*™'® highly demanded spectrum-resolved
luminophores or potential-resolved luminophores.'” Some
spectrum-resolved luminophores such as carbon nitride
nanosheets gold nanoparticles (CNNS-AuNPs) (435S nm),
sulfur-doped CNNS-AuNPs (531 nm),"® CdSe (550 nm),
CdTe (650 nm), and CdTe (776 nm) nanocrystals'® have
been developed to fabricate the multiplex ECL biosensors. The
spectrum-resolved multiplex ECL biosensors need a highly
accurate spectrometer to record the ECL spectrum signal,
which required a high sample detection cost. Potential-resolved
multiplex ECL biosensors did not need a spectrometer and
decreased the sample detection cost. Therefore, designing
potential-resolved multiplex ECL biosensors is essential.
Cathodic luminophores such as CQDs and anodic lumino-
phores such as luminol'® and Ru-related complexes'” were
often taken as potential-resolved luminophores for fabricating
multiplex ECL biosensors. Because the ECL potential of
cathodic luminophores was highly negative as mentioned
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Scheme 1. (a) PDI's Molecular Structure and Dual ECL Emissions at —0.25 in Cathodic Process and —0.26 V in Anodic
Process. (b) Potential-Resolved ECL Nanomaterial—Antibody Conjugates’ Fabrication. (c) Multiplex Immunosensor’s

Fabrication and Detection for CEA at —0.6 V and AFP at 0.6 V
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above, low-potential cathodic luminophores are fabricated that
are able to increase the choice of potential-resolved
luminophores and facilate the development potential-resolved
multiplex ECL biosensors.

In this work, we synthesized a novel low-potential cathodic
luminophore N,N-bis-(3-dimethyl aminopropyl)-3,4,9,10-per-
ylene tetracarboxylic acid diimide (PDI) (structure shown in
Scheme 1la) whose synthesis process and 'H NMR spectra are
shown in Scheme S1 and Figure S1. PDI displayed strong dual
emissions at —0.25/—0.26 V with K,S,04 as a co-reactant in
the aqueous system during the cycle potential range from —1
to 0 V (Scheme 1a), and its possible ECL scheme is discussed.
In anodic ECL system, luminol is an low-potential
luminophore at 0.6 V with H,O, as a co-reactant. Thus,
PDI/S,04*" and luminol/H,0, were chosen as low-potential
ECL system, and dual tumor markers carcinoembryonic
antigen (CEA) and a-fetoprotein (AFP) were used as model
analytes in this work. Due to the large surface area, graphite
oxide (GO) was used as nanocarrier to load PDI and luminol
and then combined with the secondary antibodies (Ab,) of
CEA and AFP as potential-resolved ECL nanoprobes. The
preparation process is shown in Scheme 1b. The polished
glassy carbon electrode (GCE) was immersed into a HAuCl,
solution for electrodepositing AuNPs film. After that, a slender
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tape of 1 mm width was pasted in the middle of GCE/AuNPs
surface, which separated the electrode surface into two spatially
resolved parts to effectively eliminate the interference of the
potential-resolved ECL nanprobes. Two parts were used to
immobilize primary antibody (Ab;). One part was to
immobilize CEA-Ab, and the other part was to immobilize
AFP-Ab,, and the inactive sites on the AuNPs film was sealed
by albumin from bovine serum (BSA). Finally, CEA, AFP, and
two kinds of ECL nanohybrid—antibody conjugates were
successively added dropwise onto their respective GCE/Au/
Ab, interface region, forming a complete immunosensor and
potential-resolved ECL changes for CEA at —0.6 V and AFP at
0.6 V were taken as detection signal (Scheme 1c).

2. EXPERIMENTAL SECTION

2.1. Materials. Human colon CEA, AFP, and their antibody were
obtained from Shanghai LincBio Science. HAuCl,-3H,0, N,N’-
di(N,N-dimethylethylamine)-3,4,9,10-perylenedicarboximide (97%),
and bovineserum albumin (BSA) were purchased from Sigma-Aldrich.
Uric acid was obtained from Aladdin. Cholesterol was purchased from
Shanghai Macklin Biochemical Co., Ltd. Human serum samples were
obtained from Liaocheng People’s Hospital. Ultrapure water (>18
MQ) from a Milli-Q Plus system (Millipore) was used to prepare
aqueous solutions.
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Figure 1. (a) ECL of GCE/PDI in PBS without K,S,0; (dark line) and containing 0.1 M K,S,04 (red line) during cycle potential range from —1
to 0 V. (b) Cyclic voltammetry (CV) of GCE/PDI in PBS without K,S,0; (dark line) and containing 0.1 M K,S,04 (red line). (c) Spooling ECL
spectroscopy of GCE/PDI in PBS containing 0.1 M K,S,0; during a CV potential scanning range from —1 to 0 V at 1 s interval. (d) ECL spectra
of GCE/PDI at —0.25 V when potential scanning from 0 to —1 V (dark line). Fluorescence (FL) emission spectra (blue line) of PDI powder with

473 nm as the excitation wavelength.

2.2. Synthesis of PDI. The synthesis process and 'H NMR
characterization are shown in the Supporting Information.

2.3. Preparation of Potential-Resolved ECL Nanomaterials—
Antibody Conjugates. Citrate-reduced AuNPs were prepared
according to our previous work. The GO/PDI nanohybrids were
prepared by stirring S mL of the mixture of PDI (6 mg) and GO (2
mg) solution at 40 °C for overnight. After that, S L of 1 mg mL™"
CEA-Ab, and 5 uL of 1% BSA solution was added to 1 mL of GO/
PDI/AuNPs solution to form GO/PDI/AuNPs/CEA-Ab, conjugates.
GO/poly(vinylpyrrolidone) (PVP) was prepared according to our
previous work. AgNO;, NaBH,, and HAuCl,-3H,O solutions were in
succession added into the GO/PVP solution to form GO/PVP/Au@
AgNPs. Then, luminol was added into the GO/PVP/Au@AgNPs
solution to form GO/PVP/Au@AgNPs/luminol through Au—N and
Ag—N bonds. Finally, AFP-Ab, and BSA were added into the GO/
PVP/Au@AgNPs/luminol solution to form the GO/PVP/Au@
AgNPs/luminol/AFP-Ab, conjugates. Here, BSA was used to seal
the inactive sites in Au@AgNPs. The details can be found in the
Supporting Information.

2.4. Preparation of Multiplex Immunosensor. First, polished
GCE was put into phosphate-buffered saline (PBS) solution with 6
mM HAuCl,-3H,0 to electrodeposit AuNPs for 200 s at —0.2 V.
Then, a slender tape with 1 mm width was pasted in the middle of the
GCE/AuNPs surface. Then, 2.5 uL of 18 ug mL™' CEA-Ab, and
AFP-Ab, each was introduced onto one part of the GCE/Au surface
and kept for 12 h at 4 °C to obtain two kinds of GCE/AuNPs/Ab,
interfaces. Then, 5 uL of 1% BSA was dropped onto the two parts and
incubated for 1 h at 37 °C to seal the inactive sites on the AuNPs film.
Next, CEA and AFP with different concentrations were dropped onto
their respective GCE/Au/Ab,/BSA interfaces and incubated for 2 h at
37 °C. Finally, 2.5 uL each of GO/PDI/AuNPs/CEA-Ab, and GO/
PVP/Au@AgNPs/luminol/AFP-Ab, was applied to their respective
GCE/Au/Ab,/CEA and GCE/Au/Ab,/AFP interfaces and incubated
for 1 h at 37 °C. After every modification process, the modified
electrodes needed be washed by ultrapure water. The prepared sensor
was stored at 4 °C for next use.
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3. RESULTS AND DISCUSSION

3.1. ECL Mechanism of PDI/S,042~ System. The PDI-
modified glass carbon electrode (GCE) displayed dual
emissions at —0.25/—0.26 V with K,S,0O4 as a co-reactant
during the cycle potential range from —1 to 0 V (Figure 1a, red
line). Control experiments such as the ECL response of bare
GCE in the presence of K,S,05 (Figure 3C,a) and PDI-
modified GCE in the absence of K,S,0; during the cycle
potential ranging from —1 to 0 V (Figure la, dark line) were
performed to demonstrate the PDI/S,04*” ECL system. There
was no ECL response for both situations, indicating that the
dual emissions should be due to the co-reaction of S,04*~ and
PDI, which is different from other perylene derivatives/S,0g*~
ECL system with single emission and high ECL potential.” In
addition, ECL response of bare GCE in PBS containing
K,S,04, indicating the excited oxygen emission, was avoided
between —1 and 0 V (Figure 3C,a).

The cyclic voltammetry (CV) tests were performed to
explore the ECL scheme. Perylene derivatives were reported to
be two one-electron-transfer redox molecules.”’">* The CV
curve of PDI-modified GCE in the PBS solution without
K,S,04 displayed two one-electron-transfer redox peaks at
—0.289/-0.393 V (PDI/PDI") and —0.574/—0.786 V (PDI~/
PDI*") (Figure 1b, dark line). For the CV test of the PDI-
modified GCE in the presence of K,S,0y, there is a large
reduction peak at —0.317 V (Figure 1b, red line), which should
be assigned to the first-electron reduction peak of PDI because
there is no redox peak for S,04*” on bare GCE between —1
and 0 V (Figure S2, red line). The large increase of PDI
reduction current and positive shift of its reduction potential
(from —0.393 to —0.317 V) indicated a strong oxygenation
between PDI and K,S,0; (Figure 1b, red line).

The ECL rise and fall in the potential dynamic process of
PDI during cycle potential scanning range from —1 to 0 V can
be observed from the spooling ECL spectra®** shown in
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Figure 1¢; every spectra was recorded at 1 s interval. Also, the
ECL peak at —0.25 V was located at 717—718 nm (Figure 1d,
dark line), which dominated through the whole potential
scanning process between —1 and 0 V according to the ECL
spectra at different potentials (Figures S3 and S4).

The ultraviolet—visible (UV—vis) spectroscopy of the PDI
aqueous solution showed three characteristic absorption peaks
of perylene moiety at 469, 499, and 537 nm (Figure S8a, green
line).” Also, its fluorescence (FL) excitation spectra showed
three vibronic bands at 460, 493, and 529 nm (Figure SS, dark
line). Compared with the FL excitation spectra, the UV—vis
spectra of PDI has a slight red shift (6—9 nm), which could be
caused by the aggregation of PDI due to the intermolecular
m—n stacking. Also, there were two emission bands of PDI at
549 and 590 nm, which were attributed to the PDI monomer
observed on the FL emission spectra with 493 nm as the
excitation wavelength (Figure SS, red line).

Obviously, the ECL wavelength at 717—718 nm did not
match with the FL maximum emission peak at 549 nm. The
red shifts about 170 nm could be due to the different excited
states (monomer and excimer) of PDL The excimer always
emitted emission with a longer wavelength than that of the
excited monomer. Thus, the ECL emission should be due to
the PDI excimer and the FL emission due to the excited PDI
monomer. Due to the strong 7—7 interaction among perylene
backbones, the é)erylene derivatives tended to form a dimer in
one crystal.””*® The dimeric emission band at 651 nm is
shown in the FL emission spectra of the PDI powder (Figure
1d, blue line). However, the ECL wavelength at 717—718 nm
still red-shifts about 66 nm compared with the dimeric
emission band (651 nm). Perylene derivatives were reported to
self-organize to H-aggregates through z—r stacking and J-
aggregates through hydrogen bonding.”” The H- and J-type
chromophore packing can mutually transform in a solution as
well as in the solid state, and the J-aggregates have a more red-
shifted FL emission than the H—agg_;regates.28 Thus, the FL
dimeric emission band at 651 nm was due to the excited H-
dimers and the ECL emission at 717—718 nm due to the
excited J-dimers. Thus, the dual ECL emission mechanism of
PDI is illustrated in Schemes 2 and $2.>7~*

In the cathodic process

PDI + e — PDI"* (1)

PDI"* + S,0,°~ — SO,”* + PDI )

Scheme 2. ECL-1 Mechanism of PDI between —0.6 and 0 V
and ECL Mechanism of Luminol between 0 and 0.6 V
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J-dimer* — 2PDI 4+ hv@717 — 718 nm (15)

According to eq 8, the reason for the ECL-2 intensity of PDI
at —0.26 V during the anodic process to be smaller than that of
ECL-1 at —0.25 V during the cathodic process could be the
less PDI” produced because of the irreversible redox reaction
of the PDI molecules, which has been demonstrated by the CV
of the PDI-modified GCE in the PBS containing 0.1 M K,S,04
(Figure 1b, red line). Also, the ECL efficiency of the PDI
relative to that of [Ru(bpy);]Cl,/K,S,04 was calculated to be
124%, indicating a high ECL efficiency, and the detailed
calculation process is shown in the Supporting Information.
Luminol was reported to co-react with H,O, and emit a strong
ECL at about 0.6 V. Its ECL mechanism is shown in Scheme 2.
Thus, PDI and luminol were chosen as two luminophores to
prepare potential-resolved ECL nanomaterials.

3.2. Spectroscopic Characterization of GO/PDI/AuNPs
ECL Nanomaterial. PDI self-assembled on a GO nanosheet
through a 7—7 stacking interaction”” and the formation of the
GO/PDI nanomaterial was demonstrated by UV—vis spectra,
Fourier transform infrared spectrum, thermogravimetric
analysis, and transmission electron microscopy (TEM) images
(Figures S8ab,d, Table S1 and Figure S9). The GO/PDI
hybrid further immobilized AuNPs. The N 1s X-ray photo-
electron spectroscopy (XPS) peak at 399.7 eV indicated the
presence of PDI, and obvious Au 4f peaks at 82.7 and 86.3 eV
indicated the presence of AuNPs (Figure 2a). The TEM image
of GO/PDI/AuNPs showed round dots well dispersed on the
GO/PDI surface, demonstrating the formation of GO/PDI/
AuNPs (Figure 2c).

3.3. Spectroscopic Characterization of GO/PVP/Au@
AgNPs/Luminol ECL Nanomaterial. Due to their ability to
enhance the ECL of luminol/H,0, system, Au@AgNPs were
introduced and directly in situ reduced on poly-
(vinylpyrrolidone) (PVP) modified GO sheets.”” Luminol
immobilized on Au@AgNPs surface through Au—N/Ag—N
bonds. The UV—vis spectra (Figure S8c), XPS (Figure 2b),
and TEM imaging of GO/PVP/Au@AgNPs/luminol (Figure
2d) were performed. Obvious UV—vis absorbance bands of
luminol, round dots of Au@AgNPs shown in TEM, and the N
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Figure 2. (a) XPS of GO/PDI/AuNPs, inset was the XPS peak of Au 4f. (b) XPS of GO/PVP/Au@AgNPs/luminol, inset was the XPS peak of Au
4f. (c¢) TEM image of GO/PDI/AuNPs, inset is the schematic diagram of GO/PDI/AuNPs. (d) TEM image of GO/PVP/Au@AgNPs/luminol,
inset is the schematic diagram of GO/PVP/Au@AgNPs/luminol. The ECL—voltage curves of GO/PDI/AuNPs (e), GO/ PVP/Au@AgNPs/
luminol (f), GO/PDI/AuNPs, and GO/PVP/Au@AgNPs/luminol (g) in PBS containing 0.1 M K,S,05 and S mM H,0, during the linear

scanning potential range from —0.6 to 0.6 V.

1s peak at 399.1 eV, Au 4f peaks at 83.5 and 87.3 eV, and Ag
3d peaks at 367.6 and 373.6 eV in XPS demonstrated the
formation of GO/PVP/Au@AgNPs/luminol nanomaterial.

There were strong ECLs at —0.6 V for GO/PDI/AuNPs
(Figure 2e) and GO/PVP/Au@AgNPs/luminol at 0.6 V
(Figure 2d) in the PBS solution with 0.1 M K,S,04 and 5§ mM
H,0, during the linear sweep voltammetry (LSV) potential
range from —0.6 to 0.6 V. Also, potential-resolved ECL signals
were observed at —0.6 and +0.6 V for GO/PDI/AuNPs and
GO/PVP/Au@AgNPs/luminol co-modified electrode, and no
obvious ECL intensity changes were found for GO/PDI/
AuNPs at —0.6 V and for GO/PVP/Au@AgNPs/luminol at
0.6 V, indicating no ECL interference signal existed. These two
kinds of ECL nanomaterials were further used to label CEA-
Ab, and AFP-Ab, forming the potential-resolved ECL
nanomaterial conjugates as nanoprobes for fabricating a
multiplex immunosensor.

3.4. Multiplex Immunosensor’s Electrochemical Char-
acterizations. The electrochemical impedance spectroscopy
(EIS) of different modified electrodes was performed to
demonstrate the successful fabrication of a multiplex
immunosensor, and [Fe(CN)¢]*~/*~ was chosen as a redox
couple.” There was a smaller electron transfer resistance (R.)
after AuNPs were electrodeposited on GCE, which was due to
the good conductivity of AuNPs (Figure 3B,b). However, a
larger R, was found on the GCE/AuNPs/Ab, and GCE/
AuNPs/Ab,/BSA surfaces due to the bad conductivity of the
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protein layer (Figure 3B,c,d). Also, a much larger R, is
observed on GCE/AuNPs/Ab,;/BSA/CEA@AFP in Figure
3B,e. Finally, a dramatic decrease in R, was observed when the
high conductivity of the ECL nanomaterial—antibody con-
jugates were captured on the GCE/Au/Ab,/BSA/CEA@AFP
surface (Figure 3B,f).

The ECL behaviors of different modified electrode were also
recorded in Figure 3C. However, no ECL was found on bare
GCE (Figure 3C,a), GCE/AuNPs (Figure 3Cb), GCE/
AuNPs/Ab, (Figure 3C,c), GCE/AuNPs/Ab,/BSA (Figure
3C,d), and GCE/AuNPs/Ab,/BSA/CEA@AFP (Figure 3C,e),
which indicated that the background signal was excluded. Also,
the data of a, b, ¢, d, and e are shown in Figure S10. Also, the
potential-resolved ECL from PDI at —0.6 V (ECL-1) and
luminol at 0.6 V (ECL-3) were found when ECL nanohybrid—
antibody conjugates successfully immobilized on the CEA and
AFP recognizing surface (Figure 3Cf), indicating the
successful construction of multiplex immunosensors.

3.5. Multiplex Immunosensor’s Analytical Perform-
ance. The ECL measurements were performed for the
fabricated immunosensor at different concentrations of CEA
and AFP. The intensity of both ECL peaks (ECL-1 and ECL-
3) increased when the concentrations of CEA and AFP
increased to 1 ng mL™" (Figure 3D). The peak height of ECL-
1 was the detection signal of CEA and ECL-2 peak height was
that of AFP. The height of both ECL peaks exhibited a linear
response for the logarithm value of CEA concentration (Ig
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Figure 3. (A) Multiplex immunoassay schematic diagram; the electrochemical impedance spectroscopy (EIS) (B) and ECL-time curves (C) in
modification process: (a) bare GCE, (b) GCE/Au, (c) GCE/Au/Ab,, (d) GCE/Au/Ab,/BSA, (e) GCE/Au/Ab,/CEA@AFP, and (f) GCE/Au/
Ab,/CEA@AFP/potential-resolved ECL nanoprobes-Ab,. (D) ECL—time curves of immunsensor for different CEA and AFP concentrations: (a)
0.1 pg mL™!, (b) 1 pg mL™", (c) 10 pg mL™’, (d) 100 pg mL™", and (e) 1000 pg mL™". (E) Linear response of ECL-1 for log Ccgs. (F) Linear
response of ECL-3 for log Cypp. (G) Multiplex immunosensor’s stability for both Ccgs and Cypp at 10 pg mL™". (H) Multiplex immunosensor’s
selectivity in different interferences: blank control, 20 mg mL™" cholesterol, 700 mg mL™" uric acid, 20 mg mL™" glucose, 600 mg mL™' human

serum albumin (HSA), and 1 ng mL™" for both CEA and AFP.

Ccea) and AFP concentration (lg Capp) with the range from
0.1 to 1000 pg mL™". The regression equation for CEA was
AECL = 213842 + 187022 lgCcpa/pg mL™', and the
correlation coefficient (R*) was 0.996 (Figure 3E, red line) and
AECL = 2270.74 + 180.40 g Cypp/pg mL™" for AFP and R?
0.998 (Figure 3F, red line). The detection limit of CEA and
AFP was respectively calculated to be 72.73 and 56.09 fg mL™"
with 36 (according to the criterion of IUPAC recommenda-
tion).

3.6. Multiplex Immunosensor’s Reproducibility,
Stability, and Specificity. Three parallel immunosensors
were prepared, and their ECL behaviors were recorded to

33681

investigate the reproducibility. At the Ccgy of 10 pg mL ™", the
heights of the ECL peaks of three immunosensors were 3992,
4173, and 4125, respectively, and the relative standard
deviation (RSD) was 2.29%. At the Cypp of 10 pg mL™, the
height of the ECL peaks of the three immunosensors were
4031, 4119, and 4053, and the RSD was 1.12%. The results
demonstrated good reproducibility of the fabricated multiplex
immunosensor. Also, after five cyclic ECL tests, there was no
obvious changes on both the ECL-1 and ECL-3 peak height of
the fabricated multiplex immunosensor, indicating that the
stability of the immunosensor was good (Figure 3G). The
multiplex immunosensor’s specificity was investigated using
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human serum albumin (HSA), cholesterol, uric acid, and
glucose as interferences. Also, the concentration of the
interferences was 10 times their normal concentration in the
human serum. Thus, the concentration of interference
cholesterol was 20 mg mL™', uric acid was 700 mg mL™",
glucose was 20 mg mL™' and HSA was 600 mg mL™". The
ECL tests of the multiplex immunosensor in the aforemen-
tioned concentrations of interferences and 1 ng mL™" for both
Ccpa and Cypp were performed (Figure 3H). There was much
smaller ECL intensity for the immunosensors in interferences
than that in CEA and AFP, indicating that the fabricated
multiplex immunosensor possessed a high selectivity.

3.7. Practical Application of Multiplex Immunosen-
sor. The multiplex immunosensor’s feasibility was investigated
by adding various concentrations of CEA and AFP into diluted
human serum. Also, the results of both Cgpy and Cyupp are
displayed in Table S2. The acceptable recovery in the range of
99.4—102.8% for CEA and 98.4—100.5% for AFP demon-
strated good feasibility for the multiplex immunosensor in
human serum.

4. CONCLUSIONS

We reported a new ECL luminophore PDI displaying dual
emissions at —0.25/—0.26 V in the S,04’" aqueous system.
The wavelength of dual ECL emissions peaked at 717—718
nm, and the ECL was due to the excited J-type PDI dimers,
which provided solid bases for low-potential ECL theory
studies. Finally, PDI and luminol were taken as potential-
resolved luminophores to construct multiplex immunosensor
for simultaneous determination of CEA and AFP using LSV
technique during potential range from —0.6 to 0.6 V. Also, the
multiplex immunosensor showed a sensitive potential-resolved
ECL response for CEA at —0.6 V and AFP at 0.6 V with both
linear semilogarithmical ranges from 0.1 pg to 1 ng mL™" and
good feasibility in human serum. In addition, different from
other single-emission luminophores, PDI with dual ECL peaks
showed an enticing prospect of built-in self-calibration for a
precise quantitative and bioimaging analysis.
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