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Abstract

Early monitoring of prostate-specific antigen (PSA) is crucial in diagnosis and proactive treatment of prostate disease. Herein,
a dual-quenching ternary ECL immunosensor was designed for PSA detection based on graphitic carbon nitride quantum
dots (g-CNQDs, as an emitter), potassium persulfate (K,S,0s, as a coreactant), and silver nanoparticles doped multilayer
Ti;C, MXene hybrids (Ag@TCM, as a coreaction accelerator). First, Ag@TCM was immobilized on the surface of a glassy
carbon electrode, then g-CNQDs was further adsorbed on Ag@TCM to acquire a higher initial ECL signal at a potential
window from—1.3 to 0.0 V (vs. Ag/AgCl). Ag@TCM not only acted as the coreaction accelerator, but also as a matrix to
load enormous g-CNQDs and prostate-specific capture antibody via Ag—N bond. Meanwhile, prostate-specific detection
antibody was marked by gold nanoparticles modified manganese dioxide as a dual-quenching probe (Ab2- Au@MnO,).
When Ab2-Au@MnO, was introduced into the ternary ECL system via sandwiched immuno-reaction, the high-sensitive
detection of PSA was achieved by the dual-quenching effect, caused by the resonant energy transfer from g-CNQDs (energy
donor) to Au@MnO, (energy acceptor). As a result, this ECL immunosensor showed a good dynamic concentration range
from 10 fg-mL~" to 100 ng-mL~" with a detection limit of 6.9 fg-mL~" for PSA detection. The dual-quenching ECL strategy
presented high stability and good specificity to open up a new pathway for ultrasensitive immunoassay.

Keywords Electrochemiluminescence - Dual-quenching effect - Gold nanoparticles modified manganese dioxide -
Graphitic carbon nitride quantum dots - Silver nanoparticles doped multilayer Ti;C, MXene hybrids - Immunosensor

Introduction

Prostate-specific antigen (PSA) is a biomarker for clinical
diagnosis of prostate cancer. The normal threshold for PSA
in serum is less than 4 ng-mL~!, while the abnormal level
of cancer patients is up to 10 ng-mL~" [1]. It is significant
for developing sensitive, accurate, and specific PSA detec-
tion techniques for early diagnosis and the improvement of
survival rate of cancer patients. Many methods have been
implemented for PSA detection, such as electrochemistry
[2], chemiluminescence [3], fluorescence [4], photoelectro-
chemistry [5], and electrochemiluminescence (ECL) [6].
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ECL sensing technology with the merits of high sensitiv-
ity and controllability, low background, easy operation, and
wide dynamic range has attracted the attention of researchers
[7, 8].

Quenching type sensors, as one of the most important
ECL model, mainly rely on high initial ECL intensity and
good quenching material to obtain satisfactory detection
results. On the one hand, different signal amplification
strategies can be employed, including the use of chemical
or enzymatic catalysis, the introduction of nanoparticles or
active micro-molecules as coreaction accelerators [9], even
the utilization of some materials with large specific surface
areas as carriers to load enormous emitters [10, 11]. On the
other hand, various quenchers have been involved in the fab-
rication of ECL biosensors, of which the resonant energy
transfer (RET) from ECL emitter (energy donor) to quencher
(energy acceptor) is an important means to achieve the
quenching effect [12, 13]. Exploring suitable ECL emitter
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as acceptor or quencher as donor to construct an ECL sensor
is an extremely interesting and challenging work.

Graphite-carbon nitride (g-C;N,), as a layered metal-
free semiconductor, has attracted tremendous attention in
the virtue of low cytotoxicity, stable chemical properties,
excellent photoelectric properties, and low cost [14, 15].
Typically, the synthesis of bulk g-C;N, is achieved by pyro-
condensation of nitrogen-rich organic precursors. However,
as a result of the potential accumulation of polymer layers
during the production process, the surface area and solubil-
ity of polymer layers are restricted, resulting in poor con-
ductivity and low quantum yield [16]. These problems can
be well addressed in two approaches: reducing dimensions
and combining with carbon materials [17-20]. For example,
small size graphite-carbon nitride quantum dots (g-CNQDs)
not only retain the structure of bulk g-C;N,, but also pos-
sess large specific surface area, high optical stability, quan-
tum confinement effect, and good water solubility [21, 22].
Meanwhile, dramatic results can be gotten by combining
g-C;N, with other carbon materials (such as graphene, car-
bon nanotubes). As an emerging layered two-dimensional
(2D) carbon material, MXenes show superior performance
in terms of specific surface area, conductivity, catalytic abil-
ity, and biocompatibility [23-26]. Ti;C, MXene (TCM) is a
matrix used to immobilize biomolecules in fluorescent and
electrochemical sensors, and also as a coreaction accelerator
for signal enhancement [27, 28]. Manganese dioxide (MnO,)
nanomaterials have a broad absorption (200600 nm) and
a large specific surface area, which can effectively play the
role of a luminescence quencher owing to the wide-range
overlapping between the absorption of MnO, and the emis-
sion of emitters [29].

Herein, a sandwich ternary ECL system was constructed
based on g-CNQDs as an ECL emitter, K,S,04 as a core-
actant, and silver nanoparticles doped TCM (Ag@TCM) as
coreaction accelerator. Ag@TCM acted as a matrix to load a
large number of g-CNQDs and prostate-specific capture anti-
bodies (Abl). Meanwhile, prostate-specific detection anti-
body (Ab2) was marked by gold nanoparticles (Au) modified
MnO, to be a dual-quenching probe (Ab2-Au@MnO,). A
highly sensitive and specific PSA ECL immunosensor trig-
gered by the dual-quenching effect deriving from the reso-
nant energy transfer (RET) between donor (g-CNQDs) and
accepter (Au@MnO,, accepterl: Au and accepter2: MnO,),
which realized a dual-quenching for g-CNQDs.

Experimental section
Reagents and materials

Melamine, polyvinylpyrrolidone (PVP), poly-(diallyldime
thylammoniumchloride) (PDDA), silver nitrate (AgNO;),
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manganese dioxide (MnO,), ethylene glycol (EG, 99%),
sodium citrate, potassium persulfate (K,S,0g), and chlo-
roauric acid (HAuCl,-4H,0) were supplied by the Chemi-
cal Reagent Co. (Chongqing, China). Ti;C, MXene (TCM)
was gained from Nanjing Xianfeng nanomaterials Co., Ltd.
Prostate-specific antigen (PSA), prostate-specific antibody
(Ab), carcinoembryonic antigen (CEA), alpha fetoprotein
(AFP), and bovine serum albumin (BSA) were obtained
from J&K Chemical Co. (Beijing, China). Human serum was
obtained from the Ninth People’s Hospital of Chongqing,
China. 0.1 M phosphate-buffered saline (PBS) containing
K,HPO,, NaH,PO,, and KCI was used throughout the whole
work. All reagents and chemicals were of analytical grade
and aqueous solutions were prepared with deionized water
(18.2 MQ-cm).

Apparatus

The ECL measurements were carried out on an MPI-E elec-
trochemiluminescence analyzer (Remex Electronic Science
and Technology Co. Ltd., Xi’an, China). Electrochemical
impedance spectroscopy (EIS) measurements were carried
out at the CHI 604 D electrochemical workstation (Shang-
hai Chenhua Instruments Co, China). Scanning electron
microscopy (SEM, Hitachi Instruments Co., Japan) and
transmission electron microscopy (TEM, JEM-1200EX,
Japan) were used to record the morphologies and size of
various materials. The X-ray photoelectron spectra (XPS) of
the materials were measured by a VG Scientific ESCALAB
250 spectrometer (Thermoelectricity Instruments, USA).
UV-vis absorption spectra were recorded by using UV-2600
spectrophotometer (Shimadzu, Japan). The three-electrode
system was used for detection: a bared or modified glassy
carbon electrode (GCE, @ =4 mm) as a working electrode,
a platinum wire as a counter electrode, and an Ag/AgCl (sat.
KCl) electrode as a reference electrode.

Synthesis of g-CNQDs

The graphitic carbon nitride quantum dots (g-CNQDs) were
prepared via micromechanical exfoliation [21]. The process
is mainly divided into four steps (Scheme 1A): first, 3 g of
melamine was heated in the muffle furnace at 550 °C for 4 h
to form bulk g-C;N,. Second, 1 g of bulk g-C;N, was treated
by using concentrated sulfuric acid (20 mL) and nitric acid
(20 mL) for about 2 h at room temperature. The resulting
white product was washed with water three times and iso-
lated by centrifuge to get porous g-C;N, (Figure S1). Third,
100 mg of the porous g-C;N, was dispersed in 30 mL ammo-
nia, then the mixture was transferred into a 45-mL teflon-
sealed autoclave and heated at 120 °C for 12 h, during which
the porous g-C;N, was peeled into sheets. After cooling to
room temperature, the residue was washed with water for
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Scheme 1 Preparation of A g-CNQDs and B Ab2-Au@MnO, quenching probe. C Construction process of the dual-quenching ECL immu-

nosensor

several times and dried in room temperature. Fourth, 100 mg
of residue was dispersed in 100 mL water and sonicated for
6 h. Then, the suspension was separated by centrifuge at
7000 rpm. The g-CNQDs were obtained by dialysis of the
aqueous suspension to remove large-sized particles.

Synthesis of Ag@TCM

A layer-by-layer assembly approach has been used to prepare
silver nanoparticles doped multilayer Ti;C, MXene hybrids
(Ag@TCM). First, 1 mL of PDDA (1%, a cationic polyelec-
trolyte) was mixed with 1 mL of TCM suspension (0.5 mg/
mL) to obtain positively charged TCM [30]. Subsequently,
0.5 mL of silver nanoparticles dispersion (1 mg/mL, synthe-
sized according to literature [31], negatively charged) was
added into the above TCM suspension and kept stirring for
3 h. The unnecessary PDDA was removed through washing
and centrifugation. Through the oppositely charged interac-
tion, Ag@TCM were collected and redispersed in water to
acquire Ag@TCM dispersion (0.5 mg/mL) for further use.

Preparation of dual-quenching probe

Five milligrams of MnO, powder was dispersed in 5 mL
water, then 1 mL of HAuCl, (1%) and 3 mg of PVP were
mixed with MnO, and stirred for 6 h. After that, 2 mL of
50 mM sodium citrate solution was added dropwise to
reduce HAuCl,. After stirring for 24 h, the gold nanopar-
ticles modified MnO, was obtained by washing and centri-
fuge thrice, and redispersed into 5 mL water (Au@MnO,,

Scheme 1B). Afterwards, 0.4 mL of prostate-specific detec-
tion antibody (Ab2, 10 pg/mL) was added into 1 mL of
Au@MnO, (1 mg/mL) suspension under stirring for 24 h at
4 °C. Followed by centrifuging, the Au@MnO, marked Ab2
(Ab2-Au@MnO,, quenching probe) was obtained, dispersed
in 1 mL of 0.1 M PBS (pH 7.4), and stored at 4 °C.

Fabrication of the ECL immunosensor

The ECL immunosensor was constructed as follows
(Scheme 1C). Ten microliters of Ag@TCM and 6 pL of
as-prepared g-CNQDs were dropped onto the cleaned
surface of GCE successively and dried at room tempera-
ture (GCE/Ag@TCM/g-CNQDs). Subsequently, 3 pL of
prostate-specific capture antibody (Abl, 10 pg/mL) was
dropped on the modified electrode surface and incubated
at 4 °C for 2 h (GCE/Ag@TCM/g-CNQDs/Abl). Follow-
ing that, 5 pL of BSA (1 wt%) was incubated for 1 h to
block nonspecific binding sites (GCE/Ag@TCM/g-CNQDs/
Ab1/BSA). Then, 6 pL of PSA with different concentra-
tions was added and further incubated at 4 °C for 2 h (GCE/
Ag@TCM/g-CNQDs/Ab1/BSA/PSA). At last, 6 pL. of Ab2-
Au@MnO, was added and incubated for 2 h (GCE/Ag@
TCM/g-CNQDs/Ab1/BSA/PSA/Ab2-Au@MnO,). The elec-
trode was rinsed with 0.1 M PBS (pH 7.4) after each step
of modification. The other control electrodes were prepared
in a similar way.

The ECL measurement was performed in 0.1 M PBS
(3 mL) containing 5 mM K,S,0Oq. The voltage of the pho-
tomultiplier tube was set at 600 V and the measurement
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potential was set from— 1.3 to 0.0 V (vs. Ag/AgCl) with a
scan rate of 200 mV/s.

Results and discussion
Characterization of different materials

The TEM image indicates that a uniform diameter of
g-CNQDs dispersed on the matrix is 2.5 nm (Fig. 1A). The
high-resolution (HR)-TEM image reveals the crystal lattice
spacing of the quantum dots is about 0.23 nm (upper inset
of Fig. 1A). The SEM image of TCM presents an accordion-
like layered structure (Fig. 1B). Figure 1C shows some small
particles scattered on the TCM surface. And g-CNQDs are
adsorbed on the Ag@TCM surface (Fig. 1D). Figure 1F
depicts the energy-dispersive X-ray analysis (EDX) map-
ping images, showing that the elements of Ti, C, N, and Ag
are the primary components of the Ag@TCM/g-CNQDs. In
addition, the SEM image of Au@MnO, exhibits that gold
nanoparticles are uniformly distributed on MnO, surface via
in situ reduction growth method (Fig. 1E).

Moreover, the chemical compositions and elemental
valence states of the g-CNQDs was investigated by XPS
spectrum. The full survey spectrum of g-CNQDs indicates
the coexistence of C, N, and O elements (Fig. 2A). The four
peaks of C 1 s at 284.83, 286.02, 288.03, and 288.49 eV in
HR-XPS are corresponding to the bond structures of C-C,
C-0-C, N-C=N, and O-C =0, respectively, manifesting

their surficial functional groups (Fig. 2B). The N 1 s displays
three components, including 398.56, 399.55, and 401.1 eV
in response to C-N=C, N—(C);, and -NH,;/=NH (Fig. 2C).
Similarly, O 1 s region can be fitted to three peaks in the
regions of 529.54, 530.55, and 531.82 eV, which can be
assigned to O-H, C-0, and C =0, respectively (Fig. 2D).
There is a good agreement between these findings and earlier
reports of g-CNQDs [21].

Possible ECL mechanisms of the different systems

The three-dimensional (3D) surface image of ECL-potential-
wavelength (Fig. 3A) and 3D heat map image (Fig. 3S) of
g-CNQDs were recorded in 5 mM K,S,0q solution (0.1 M
PBS, pH 7.4). They all indicate that a stable ECL blue-light
emission of g-CNQDs at 460 nm. The ECL behaviors of
GCE/g-CNQDs and GCE/Ag@TCM were investigated
by cyclic potential scanning from—1.3 to 0.0 Vin 0.1 M
PBS (pH 7.4) with or without 5 mM K,S,04. As can be
seen in Fig. 3B, weak ECL signals are observed on GCE/g-
CNQDs (curve a) and GCE/Ag@TCM (curve b) in PBS.
Meanwhile, when K,S,0g is present, except a small ECL
signal is appeared on bare GCE (curve c), the successively
enhanced ECL intensities are obtained on the GCE/Ag@
TCM (curve d), GCE/g-CNQDs (curve e), and GCE/Ag@
TCM/g-CNQDs (curve f). A very high ECL signal is got-
ten on GCE/g-CNQDs (curve e), indicating that g-CNQDs
owns the potential to be used as a good ECL emitter. Espe-
cially when g-CNQDs (emitter), K,S,04 (coreactant), and

Fig.1 A TEM image of g-CNQDs (upper inset: lattice fringe image; lower inset: diameter distribution). SEM images of B TCM, C Ag@TCM,
D Ag@TCM/g-CNQDs, and E Au@MnO,. F EDX mapping of Ag@TCM/g-CNQDs
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Fig.2 A The XPS full spectrum
of g¢-CNQDs. The HR-XPS
spectraof BC 1s, CN 1s,and
DO1s

Fig.3 A 3D surface image of
ECL-potential-wavelength of
g-CNQDs. B ECL intensity vs.
potential curves of (a) GCE/g-
CNQDs and (b) GCE/Ag@
TCM in 0.1 M PBS (pH 7.4);
(c) bare GCE, (d) GCE/Ag@
TCM, (e) GCE/g-CNQDs, (f)
GCE/Ag@TCM/g-CNQDs in

5 mM K,S,0q solution (0.1 M
PBS, pH 7.4). C ECL intensity-
time curves of (a) GCE/Ag@
TCM/g-CNQDs, (b) GCE/Ag@
TCM/g-CNQDs/Au, (c) GCE/
Ag@TCM/g-CNQDs/MnO,,
and (d) GCE/Ag@TCM/g-
CNQDs/Au@MnO,. D UV-vis
absorption spectra of (a) MnO,
and (b) Au, ECL emission spec-
trum of (c) g-CNQDs
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Ag@TCM (coreaction accelerator) coexist to form a ternary
system, the ECL intensity on GCE/Ag@TCM/g-CNQDs is
significantly improved (curve f).

The possible ECL mechanism of Ag@TCM/g-CNQDs/
K,S,04 system was discussed [32]. When the GCE/g-
CNQDs was swept from—1.3 to 0.0 V, g-CNQDs and
52032_ were reduced to g-CNQDs ™ and SO, ™, respectively.
Subsequently, the SO, ™ reacted with the g-CNQDs'~ to
generate the excited state g-CNQDs". Finally, g-CNQDs"
returned to the ground state and an intense emission was
obtained (see Eq. 1-4):

g —CNQDs +e¢~ - g—CNQDs"™ (1)
S,04°” + e— = SO,>~ + S0, )
SO, + g — CNQDs~ — g— CNQDs* + SO,>~ (3)
g — CNQDs* —» g — CNQDs + hv 4)

In addition, the role of Ag@TCM/g-CNQDs, gold
nanomaterials (Au), and MnO, in the proposed ECL sys-
tem was investigated. As shown in Fig. 3C, GCE/Ag@
TCM/g-CNQDs shows a high ECL response (curve a), sug-
gesting that Ag@TCM/g-CNQDs as an emitter has good

ECL performance. When further modified by Au (GCE/
Ag@TCM/g-CNQDs/Au, curve b) or MnO, (GCE/Ag@
TCM/g-CNQDs/MnO,, curve c), the ECL intensity decrease
significantly, hinting a certain quenching effect. The largest
decrease of ECL intensity occurred after the modification of
Au@MnO, (GCE/Ag@TCM/g-CNQDs/Au@MnO,, curve
d), implying Au@MnO, can be used as a good quencher.
The UV-vis absorption spectra of the quencher and ECL
spectrum of the emitter were further used to research the
quenching effect between Au@MnO, and g-CNQDs. As evi-
denced in Fig. 3D, the UV—vis absorption spectra of MnO,
(curve a) and Au (curve b) are overlapped appropriately with
the ECL emission spectrum of g-CNQDs (curve c), indicat-
ing the RET existed in g-CNQDs (donor) and Au (accep-
tor), g-CNQDs (donor) and MnO, (acceptor). That is to say,
the dual-quenching effect of Au@MnO, on g-CNQDs ECL
system is confirmed.

Characterization of the developed ECL
immunosensor

The ECL behavior of different modified electrodes was stud-
ied in 5 mM K,S,0;4 (0.1 M PBS, pH 7.4). As depicted in
Fig. 4A, almost no ECL signal is obtained on bare GCE
(curve a), while a very strong ECL response is observed
on GCE/Ag@TCM/g-CNQDs with the help of K,S,04

Fig.4 A ECL behavior in
5 mM K,S,0; (0.1 M PBS, pH A B
7.4) and B EIS of (a) bare GCE, 16k} 500 , £ R
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(coreactant) and Ag@TCM (coreaction accelerator) (curve
b). Due to the electron-blocking properties of proteins, the
ECL intensities decreased in turn when Abl, BSA, and PSA
were successively added on the modified electrode (curves ¢
to €). When the quenching probe Ab2-Au@MnO, was intro-
duced via immune response, the signal is severely quenched
(curve f). This is attributed to the RET effect between
2-CNQDs (donor) and Au@MnO, (acceptor).

EIS was also used to characterize the fabrication of differ-
ent modified electrodes (Fig. 4B). Compared with the bare
GCE (curve a), no significant change of electron transfer
resistance (R,,) is observed on GCE/Ag@TCM (curve b),
indicating that Ag@TCM has good conductivity. With the
modification of Abl, BSA, PAS, and Ab2-Au@MnO, suc-
cessively, the R, increase in sequence (curves c to f). Since
the proteins contained in Abl, BSA, PSA, and Ab2 obstruct
electron transfer seriously.

Optimization of the detection conditions

An appropriate experimental condition is vital to the per-
formance of immunosensors. The influence of pH from 5.5
to 9.5 was investigated (Fig. 4C). ECL intensity reaches the
maximum in a neutral environment (pH 7.4), so 7.4 was
chosen as the optimum pH. Moreover, the incubation time of
Ab2-Au@MnO, onto the surface of the immunosensor was
studied from 90 to 110 min (Fig. 4D). The ECL intensity

decline sharply with the increase of incubation time. After
the incubation time more than 110 min, the changes of inten-
sity slow down. So, 110 min was selected in subsequent
experiments.

Performances of the ECL immunosensor

When Ab2-Au@MnO, was incubated on the surface of
immunosensor, a sandwich immune response was triggered.
Figure 5 shows the ECL intensity decrease as the increas-
ing PSA concentration from 10 fg-mL~! to 100 ng-mL~". A
good linear dynamic response between ECL intensity and
the logarithmic concentration of PSA. The linear relation is
1=5332.8—2337.6x1g ¢ (R*=0.994) with a limit of detec-
tion (LOD) of 6.9 fg-mL~! (S/N=3) [33].

As listed in Table 1, this immunosensor exhibited a better
analytical performance. Compared with previous reports,
this dual-quenching ternary ECL immunosensor performed
a broader detection range and a much lower LOD, which
may provide strong support for early diagnosis of prostate
cancer. Moreover, the use of g-CNQDs as ECL emitter
instead of expensive luminous materials insures that it is
easily available and low cost. Though the sandwich-type
ternary ECL immunosensor is somehow complicated com-
pared with references [34] and [35], this strategy provides a
detection specificity and significantly improves the sensitiv-
ity based on the introduction of Ag@TCM. It is important

Fig.5 A ECL response for A B
different PSA concentration in p—
5 mM S,0,>" (0.1 M PBS). B ¢ , 16k - I=5332.8-2337.6log c
The calibration curve for the 3 16k 100fg-mL- , 5 R2=0.994
ECL intensity vs. the logarithm = lpgml’ &8 12k
of PSA concentration, error £12k 10pg-mL? i~ I
bars: SD, n=3. C Selectiv- E 100pgmL? z
ity and D stability of the ECL t 8kt . 2 8k
immunosensor E 1ngmL’ =
Q 4kt 10ng'mL?! d 4k t
= 100 ng'mL" =
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Table 1 Comparison assay of various strategies for PSA detection

Detection system Methods Linear range Detection limit Ref
hollow @Si0, @SiO,-RuBpy FL 100 pg-mL~'-100 ng-mL~! 27 pgmL™! [36]
Apt/Luminol/HPSiO, CL 1 pgmL~'-100 ng-mL! 270 fg-mL™! [34]
AuE/MCH/PCOOH/Zxr(IV)/BPAA/Fc SWV 341 fgmL~'-341 pg-mL~! 109 pg-mL~! [2]
NH,-CuO/BSA/P-Pep-RhB/S-CD/AgInS, PEC 0.1 pg-mL~'-100 ng-mL~" 60 fg-mL ! [37]

Au NPs/(Fc@MgAl-LDH)n-Abl ECL 50 fg-mL~'-50 ng-mL"! 34 fg-mL™! [3]
Ag"@UIO-66-NH,/CAdWS/Abl ECL 0.1 pg:mL~'-10 ng-mL"! 38 fg-mL™! [38]
MNP/Ab1-PSA-Ab2/L @MIL-53(Fe) ECL 5 pg-mL~'-200 ng-mL™! 100 fg-mL™! [35]
Ag@TCM/g-CNQDs/Abl1 ECL 10 fg-mL~'-100 ng-mL" 6.9 fg-mL™! This work

to highlight that this strategy for PSA detection is skillfully
to use Ag@TCM as coreaction accelerator and Au@MnO,
as dual-quenching probe in ECL technique.

FL, fluorescence; CL, chemiluminescence; SWV, square
wave voltammograms; PEC, photoelectrochemistry; ECL,
electrochemiluminescence; RuBpy, Tris(2,2-bipyridyl)
dichlororuthenium(II) hexahydrate; Apt/Luminol/HPSiO,,
hollow porous silica encapsulated luminol by aptamers;
P-Pep-RhB, the part of peptide and rhodamine B; AginsS,,
silver indium sulfide; Fc@MgAI-LDH, ferrocenecarboxylic
acid@MgAl layered double hydroxides; MNPs, magnetic
nanoparticles; L@MIL-53(Fe), luminol loaded within the
MIL-53(Fe)-NH,.

Selectivity and stability were explored to assess the
analytical performance. Bovine albumin (BSA), alpha
fetoprotein (AFP), and carcinoembryonic antigen (CEA)
with the same concentration of 1 pg-mL~! were selected
as possible interfering species to assess the selectivity of
the immunosensor. As evidenced by Fig. 5C, no obvious
change is appeared on the ECL responses when detecting
the mixed sample (1 pg-mL~! aforementioned interferences
and 0.1 pg-mL~! PSA) and 0.1 pg-mL~! PSA. These results
demonstrate the noticeable selectivity of this ECL immu-
nosensor for PSA detection. The stability of the immunosen-
sor was evaluated by determining 0.1 pg-mL~' PSA during
continuous scans for 25 cycles. As shown in Fig. 5D, there
is no significant undulation (relative standard deviation,
RSD=1.1%), indicating the excellent stability of this immu-
nosensor. In addition, after 15 days of the storage (4 °C),
8.7% decrease in ECL intensity is observed for 0.1 pg-mL~!
PSA. Meanwhile, five modified electrodes in the same batch
were utilized to detect 0.1 pg-mL~! PSA; the RSD was 4.1%.

Table 2 Recovery tests for PSA in the diluted human serum samples
(n=0)

Sample  Added Found RSD (%) Recovery (%)
10 ng-mL™! 10.5ngmL™" 22 105.1
100 pgmL™" 102 pgmL~" 1.5 102.0

3 1 pg-mL~! 0.96 pgmL™" 2.6 96.0

@ Springer

These results showing the immunosensor possessed accept-
able stability and reproducibility.

Application in real samples

To evaluate the feasibility of this ECL immunosensor for real
sample detection, the healthy human serum samples were
selected. Prior to using, the samples were centrifuged to
get the supernatant. Then each sample was diluted 100-fold
with 0.1 M PBS (pH=7.4) and spiked PSA with different
concentrations (1 pg-mL~!, 100 pg-mL~"!, and 10 ng mL™}).
Under the same conditions as the standard sample, the ECL
analyses were executed in 3 mL sample solution including
5 mM S2082_ (0.1 M PBS). The results are listed in Table 2,
and the recovery rates are in the range of 96.0-105.1% with
RSD from 1.5 to 2.6% (n=6), indicating that this strategy
can be effectively used for PSA detection in real sample.

Conclusion

In conclusion, a dual-quenching ECL immunosensor has
been skillfully prepared for ultrasensitive detection of PSA.
This ternary ECL system consisted of g-CNQDs, K,S,0q,
and Ag@TCM as the emitter, coreactant, and coreaction
accelerator, respectively. With the help of Ag@TCM and
K,S,0s, a high ECL intensity was obtained. Owning to the
double quenching effect from Au and MnO, in Au@MnO,,
ECL intensity achieved a satisfied quenching detection of
PSA. This ECL immunosensor exhibited acceptable sensi-
tivity, selectivity, and stability in the determination of PSA,
demonstrating a promising quenching strategy in ECL sens-
ing and a wide application prospects in early cancer diagno-
sis. However, non-reusability is a limitation of this sensor,
which is going to be a challenge for us in the later stages.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00604-021-05015-5.
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