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Handling editor: Nicola Cioffi Background: Carcinoembryonic antigen (CEA) is a significant glycosylated protein, and the unusual expression of
CEA in human serum is used as a tumor marker in the clinical diagnosis of many cancers. Although scientists
Keywords: o have reported many ways to detect CEA in recent years, such as electrochemistry, photoelectrochemistry, and
Electrochemiluminescence sensor fluorescence, their operation is complex and sensitivity is average. Therefore, finding a convenient method to
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extinction effects of CuFe;04@PDA-MB towards a self-enhanced Ru(dcbpy)3" functionalized metal-organic layer
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[(Hf)MOL-Ru-PEI-Pd] was prepared. The high ECL efficiency of (H)MOL-Ru-PEI-Pd originated from the dual
intramolecular self-catalysis, including intramolecular co-reaction between polyethylenimine (PEI) and Ru
(dcbpy)3*. At the same time, loading Pd NPs onto (Hf)MOL-Ru-PEI could not only improve the electron transfer
ability of (Hf)MOL-Ru-PEIL, but also provide more active sites for the reaction of Ru(clcbpy);zfr and PEIL In the
presence of CEA, CuFe304@PDA-MB-Ab, efficiently quenches the excited states of (Hf)MOL-Ru-PEI-Pd by PDA,
Cu®*, and methylene blue (MB) via energy and electron transfer, leading to an ECL signal decrease. Under
optimal conditions, the proposed CEA sensing strategy showed satisfactory properties ranging from 0.1 pg mL ™
to 100 ng mL ™! with a detection limit of 20 fg mL™".

Significance: The (Hf)MOL-Ru-PEI-Pd and CuFe;04@PDA-MB were prepared in this work might open up inno-
vative directions to synthesize luminescence-functionalized MOLs and effective quencher. Besides, the ECL
quenching mechanism of Ru(dcbpy)3"™ by MB was successfully explained by the inner filter effect (ECL-IFE). At
last, the proposed immunosensor exhibits excellent repeatability, stability, and selectivity, and may provide an
attractive way for CEA and other disease markers determination.

1. Introduction

Carcinoembryonic antigen (CEA) is a significant glycosylated pro-
tein, and the unusual expression of CEA in human serum is used as a
tumor marker in the clinical diagnosis of pancreatic, colorectal, and
gastric cancer [1]. Although scientists have reported many ways to
detect CEA in recent years, such as electrochemistry [2], photo-
electrochemistry [3], and fluorescence [4], their operation is complex
and sensitivity is average. Therefore, finding a reliable method to
accurately detect CEA is very important in clinical tumor detection. With
high sensitivity, quick reaction, and low background, electro-
chemiluminescence (ECL), a combination of electrochemical analysis
and photochemical analysis has emerged as an essential method for the
detection of tumor markers in blood [5-8].

In order to design a well biocompatibility sensor with superior signal
conversion efficiency, luminescent groups were used to ensure the signal
output of the ECL biosensor, like g-C3N4 [9], Ru(bpy)%+ [10], polymer
dots [11], quantum dots (QDs) [12], and Iridium (III) complexes [13].
As one of the most classic ECL reagents, tris(2,2-bipyridyl)ruthenium
(I (Ru(bpy)?’) and its derivatives possess super-hydrophilic properties,
the stable physical and chemical properties, reversible redox, high lu-
minous efficiency, and a long fluorescence life, which are widely used in
the fields of environmental protection, food contamination control,
disease diagnosis, and cell imaging [14]. Numerous nanomaterials,
including mesoporous silica [15], MOF [6], and apoHSF [13] have been
employed to immobilize the Ru(bpy)3" derivatives to get a strong ECL
signal. However, the ion/electron long-diameter migration and diffusion
constraints inhibit the electrochemical activation of the internal lumi-
nescent groups, resulting in the utilization of ECL luminescent groups is
still limited [16]. It is imperative to find new carrier materials to
improve the utilization rate and immobilization amount of luminescent
group [17]. Metal organic layers (MOL), referred to as metal-organic
framework (MOF) nanosheets or coordination nanosheets, are
two-dimensional (2D) variations of MOFs that may loosen ion/electron
diffusional restrictions [18]. More importantly, excitons on 2D MOFs are
more easily captured by external quenchers than excitons on 3D MOFs
[19]. 2D MOFs may have higher luminophores loading quantities than
3D bulk MOFs because of the larger specific surface areas and more
easily accessible post-modification locations [20]. A highly stable
Ru-complex-grafted 2D MOL with exceptional ECL efficiency was re-
ported by the Xiao’s group as a sensing platform for the quick and
sensitive detection of Mucin 1 [16]. These results provide opportunities
for light collection and fluorescence sensing using efficient exciton
migration in 2D materials. Therefore, we created a new and stable
Ru-complex-grafted MOL [(Hf)MOL-Ru] by immobilizing Ru(dcbpy)%+
on (Hf)MOL using solvent-assisted ligand integration (SALI) due to the
benefits mentioned above.

There has been an abundance of literatures since “self-enhanced ECL
complex” as an ECL signal amplification strategy was first applied to the
immunosensing analysis by Yuan’s group in 2013 [21]. Compared to
additional co-reactants, self-enhanced ECL composites can reduce

electron transmission paths and energy losses by covalently attaching a
suitable co-reactant to the luminophore [22]. Strong and stable ECL
signals can be obtained effectively by connecting amine-rich nano-
materials with luminescent groups [16,23,24]. Among these
co-reactants, poly (ethylenimine) (PEI) is an amine-rich polymer of
ongoing interest as a co-reactant of the binary luminophore system [25].
Therefore, it is feasible to synthesize a functionalized 2D MOL which can
effectively shorten the reaction distance between PEI and Ru(dcbpy)3*.
More importantly, through covalent connection, (Hf)MOL-Ru-PEI is a
stable structure that can effectively prevent Ru(dcbpy)3" leakage. At the
same time, loading Pd NPs onto (Hf)MOL-Ru-PEI via Pd-NH; could not
only improve the electron transfer ability of (Hf)MOL-Ru-PEIl, but also
provide more active sites for the reaction of Ru(dcbpy)3" and PEL

Quench efficiency is an important factor for the "signal on-off"
immunosensor. The most commonly utilized ECL signal quenchers are
Au NPs [26], ferrocene [27], HoO5 [28], and carbon-based nanomaterial
[29]. In addition, 2D nanomaterials as luminescent carriers are benefi-
cial to quench luminescence [19]. Previous research has shown that
dopamine hydrochloride and polydopamine (PDA) containing benzo-
quinone or catechol units in their structure could be used as free-radical
scavengers and quench the excited state of Ru(bpy)3* by energy transfer
[30]. PDA can not only provide and accept electrons repeatedly for
redox reactions but also has attractive qualities such as good biocom-
patibility, strong adhesion, and easy functionalization [31]. The
CuFe,04 nanoparticles can produce Cu?" to quench the ECL of Ru
(bpy)%+ derivative via electron transfer as the biomolecule carriers.
Through a self-polymerization process, dopamine was able to create a
PDA shell on the surface of CuFey04, resulting in core-shell polymer
material. It is worth emphasizing that PDA can adsorb MB in aqueous
solution [32]. MB is a cheap and versatile indicator that is often used as a
quencher for ECL analysis. As a reactant free radical scavenger and en-
ergy transfer receptor, MB can effectively inhibit the emission of lumi-
nescent groups [33]. Therefore, the combination of PDA, cu?®t and MB
to quench the ECL of Ru derivatives through energy and electron
transfer is a feasible method.

In this work, a “signal on-off” ECL immunosensor for sensitive
analysis of CEA ground on the ternary extinction effects of
CuFe;04@PDA-MB towards a self-enhanced Ru(dcbpy)%+ functional-
ized metal-organic layer [(Hf)MOL-Ru-PEI-Pd] was prepared. Ru
(dcbpy)%Jr and PEI covalent binding on the surface of (Hf)MOL suc-
cessfully prevent the leakage of Ru(dcbpy)3™ from (Hf)MOL. Shorting
the reaction distance between PEI and Ru(dcbpy)3™ significantly can
improve the ECL efficiency of the system. At the same time, loading Pd
NPs onto (Hf)MOL-Ru-PEI via Pd-NH, could not only improve the
electron transfer ability of (Hf)MOL-Ru-PEIL, but also provide more
active sites for the reaction of Ru(dcbpy)3* and PEL A potent quenching
probe (CuFe;04@PDA-MB) with ternary extinction effects was created,
leading to an obvious suppression of the original ECL signal. From the
UV-vis spectra of CuFea04@PDA-MB, a strong absorption peak at 660
nm was acquired, enabling an obvious duplication with the ECL emis-
sion spectrum of (Hf)MOL-Ru-PEI-Pd. Thus, the inner filter effect (IFE)
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was triggered, leading to (Hf)MOL-Ru-PEI-Pd donors transferred energy
to the CuFe304@PDA-MB acceptors. The IFE results from the absorption
of the luminous radiation by the quenching agent [34]. It is also
happened if the distance between the emitter and the re-absorber is
greater than 10 nm. In a range of CEA concentrations from 0.1 pg mL™?
to 100 ng mL ™}, this immunosensor showed a wide linear response and
low detection limit (20 fg mL™1). This work not only provide a feasible
strategy for the explanation of the ECL radiation energy transfer process,
but also a hopeful method of analysis with good repeatability, high
selectivity, and excellent stability for the super-sensitive detection of
CEA and other clinical disease markers.
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2. Experimental section
2.1. Construction of the ECL immunosensor

The used glassy carbon electrode (GCE) with diameter of 4 mm was
pretreated with 0.05 pm alumina slurry and cleaned with ultra-pure
water for three times to make its surface smooth. The electrode was
then coated with 7 pL of (H)MOL-Ru-PEI-Pd (Scheme 1B). Whereafter,
7 pL of CEA captured antibodies (Aby, 10 pug mL 1) was connected to the
(Hf)MOL-Ru-PEI-Pd via a Pd-NH, bond. Next, surface of the electrode
was carefully cleaned with PBS (1/15 mol L’l, pH 7.6) to remove
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Scheme 1. (A) Diagrams depicting the stages involved in the synthesis of CuFe,O4@PDA-MB-Ab,, (B) the synthesis steps of (Hf)MOL-Ru-PEI-Pd, (C) the
manufacturing procedure for CEA sensors and potential luminescence mechanisms.
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unreacted Ab;, and 4 pL of BSA solution (0.1 wt%) was coated to block
possible non-specific active binding sites. Subsequently, 7 uL of CEA
antigen with concentrations ranging from 0.1 pg mL~! to 100 ng mL~!
were coated on the sensing interface and reacted at 4 °C for 1.5 h. At last,
using PBS (1/15 mol L™}, pH 7.6) flush the immunosensing interface to
remove unreacted of CEA, and 7 pL of detection antibody (Aby) bio-
conjugate (Scheme 1A) was modified to the electrode. The unreacted
bio-conjugate was washed by PBS after the immunological complexes
were generated. The detailed preparation process of the immunosensor
is shown in Scheme 1C.

2.2. ECL analysis of CEA

An MPI-E ECL analyzer (Xi’an Remex Electronic Science-Tech Co.,
Ltd., Xi’an, China) was carried out for CEA detection in 10 mL of PBS
(pH 7.6). The concentrations of PBS used in this work are all 1/15 mol
L1, Cyclic voltammetry was used to scan the electrodes in the potential
range from O V to 1.3 V. The scan rate and the working voltage of the
photomultiplier tube were set at 0.15 V s~* and 800 V, respectively.
With an increase in the amount of CEA, more CuFe,04@PDA-MB-Ab,
with an ECL signal quenching effect is coupled to the electrode, which
gradually weakens the ECL signal of (Hf)MOL-Ru-PEI-Pd. The working
curve was drawn according to the changes in CEA concentrations and
ECL signal intensities.

Analytica Chimica Acta 1287 (2024) 342091

3. Results and discussion
3.1. Characteristics of nanomaterials

The X-ray diffraction (XRD) patterns of (Hf)MOL-Ru-PEI show two
peaks at 5.1° and 8.5°, which are the characteristic peaks of (Hf)MOL,
indicating the load of Ru(dcbpy)3*+ and PEI did not generate new crystal
phases (Fig. 1A) [35]. From the comparison with (Hf)MOL-Ru-PEIL, the
low intensity of diffraction peak appears at 41.6° and 46.7° which be-
longs to the (111) and (220) crystal planes of Pd NPs (JCPDS 46-1043),
while all of the other diffraction peaks are well matched with (Hf)
MOL-Ru-PE], indicating the successful formation of the (Hf)MOL-Ru--
PEI-Pd composite [36]. Furthermore, the fourier transform infrared
spectroscopy (FTIR) spectra are used to demonstrate the transformation
of -COOH into other functional groups (Fig. 1C) [16]. Compared with
(Hf)MOL, the absorption peak of the protonated carboxylic acid group of
(Hf)MOL-Ru and (Hf)MOL-Ru-PEI decreases at 1710 cm_l, indicating
that the carboxylic acid group of (Hf)MOL reacts with the carboxylic
acid group of Ru(dcbpy)3* to form anhydride and the amino group of
PEI to form a peptide bond. Compared with (Hf)MOL (1365 cm’l), the
absorption peak of (H)MOL-Ru at 1355 cm~ ! is the C-O stretching vi-
bration of cyclic anhydride. Therefore, through covalent connection,
(Hf)MOL-Ru is a stable structure that can effectively prevent Ru
(dcbpy)3* leakage. Compared with (Hf)MOL-Ru, the absorption peak of
(Hf)MOL-Ru-PEI at 1320 cm ™' is C-N stretching vibration. The results of
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Fig. 1. (A) The XRD patterns of (H)MOL-Ru-PEI and (Hf)MOL-Ru-PEI-Pd. (B) The XRD patterns of CuFe;04. (C) FTIR spectra of (Hf)MOL (black curve), (HH)MOL-Ru
(red curve), and (Hf)MOL-Ru-PEI (blue curve). The SEM of (Hf)MOL-Ru-PEI (D) and (Hf)MOL-Ru-PEI-Pd (E). The TEM of (Hf)MOL-Ru-PEI (F) and (Hf)MOL-Ru-PEI-
Pd (G). (H) The SEM image of CuFe;04. (I) The TEM image of CuFe,O4-PDA. (For interpretation of the references to color in this figure legend, the reader is referred

to the Web version of this article.)
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the FTIR spectra show that (Hf)MOL-Ru-PEI was prepared successfully.
The appearance and structure of these nanomaterials are studied using
scanning electron microscopy (SEM) and transmission electron micro-
scopy (TEM). The SEM and TEM pictures of (Hf)MOL-Ru-PEI show that
the (Hf)MOL-Ru-PEI is a wrinkled ultrathin film (Fig. 1D and F). The
SEM and TEM pictures of (Hf)MOL-Ru-PEI-Pd show that a considerable
number of nanoparticles were adsorbed on the surface of (Hf)MOL--
Ru-PEI (Fig. 1E and G). The SEM elements mapping images and relevant
energy-dispersive X-ray spectroscopy also indicate the successful syn-
thesis of (Hf)MOL-Ru-PEI-Pd (Fig. S1). As shown in Fig. 1B, the XRD
patterns of CuFe,O4 exhibits distinct peaks that are located at 30.3°,
35.4°, 43.4°, 53.7°, 57.2°, and 62.6°, corresponding to lattice planes
(220), (311), (400), (422), (511), and (440), respectively (JCPDS
77-0010) [37]. The SEM image of CuFey04 (Fig. 1H) shows a uniformly
dispersed spherical shape with a diameter of about 200 nm. As can be
seen from Fig. 11, PDA-coated CuFeyO4 is also sphere-shaped, and its
rough surface has been uniformly covered with a PDA shell. These re-
sults show that CuFe;O4@PDA was prepared successfully.

3.2. Electroactive surface area for modified electrodes

The interaction region of the modified electrode is calculated to
describe the state of the electrode surface. In 5 mmol L ! of [Fe(CN)G]B’/
4 and 0.1 mol L' of KCl solution, the cyclic voltammetry test of (Hf)
MOL-Ru-PEI/GCE (2.0 mg mL~!) and (H)MOL-Ru-PEI-Pd/GCE (2.0 mg
mL ™) were conducted with the scanning speed ranging from 0.02 Vs
t0 0.38 V sL. The standard curve is plotted with the oxidation current Ipe
as the ordinate and the power of 1/2 of the sweeping velocity as the
transverse coordinate. The regression equations I.(A) = 107.7 V24
10.5 [(H)MOL-Ru-PEI/GCE, Figs. S2A and S2B] and I(A) = 167.39.1
v}2 4+ 13.8 [(H)MOL-Ru-PEI-Pd/GCE, Fig. 2A and C] show that diffu-
sion is the only influence factor of electrode surface. According to the
Randles-Sevcik equation (Ipc = 269000A-D'/2.n%/2.y1/ 2~c), wherec =5
mmol L_l; n = 1; v is the cyclic voltammetry scan rate (V s_l); D is the
diffusion coefficient (D = 6.70 + 0.02 x 10 ® ecm?s ! at 25 °C); A is the
effective electroactive surface area (crnz); and I is the peak current.
The calculated effective electrochemical active area of [(Hf)MOL-Ru-

Analytica Chimica Acta 1287 (2024) 342091

PEI-Pd] (0.21 c¢m?) is 0.62 times larger than the actual area of (Hf)
MOL-Ru-PEI (0.13 cmz) [38]. Therefore, the catalytic sites on the (Hf)
MOL-Ru-PEI-Pd were increased. ECL and cyclic voltammogram (CV) of
(Hf)MOL-Ru-PEI-Pd and (Hf)MOL-Ru-PEI were studied in PBS solution
(pH 7.6). It can be seen from Fig. 2B that the CV of (Hf)MOL-Ru-PEI-Pd
has an oxidation peak at 1.06 V, while (Hf)MOL-Ru-PEI does not.
Compared with (H)MOL-Ru-PEI (1.17 V), the luminescent potential of
(Hf)MOL-Ru-PEI-Pd (1.05 V) was 0.12 V earlier, indicated that Pd NPs
has a co-reaction promoting effect to (H)MOL-Ru-PEI system [8]. These
findings suggest that Pd NPs can provide more active sites for the re-
action of Ru(dcbpy)3* and PEL

3.3. ECL mechanism of the (Hf)MOL-Ru-PEI-Pd

In order to demonstrate the superiority of the (Hf)MOL-Ru-PEI-Pd,
control experiments were conducted. Compared with the ECL signal of
the (HH)MOL-Ru-PEI/GCE (Fig. 2D, curve d), the ECL signal of the (Hf)
MOL-Ru-PEI-Pd modified electrode (Fig. 2D, curve a) increased by 0.3
times. This finding shows that Pd NPs can improve the ECL emission of
Ru(dcbpy)3'. As well, we analyzed how PEI affected the ECL of modified
electrodes containing (Hf)MOL-Ru in different buffers by detecting ECL
responses. The ECL signal strength of the (Hf)MOL-Ru modified elec-
trode with PEI (Fig. 2D, curve b) as a co-reactant is 2.7 times than that of
N,N-Dibutyl-2-hydroxyethylamine (DBAE) as a co-reactant (Fig. 2D,
curve c¢), so PEI as a co-reactant of (H)MOL-Ru is a better choice. As
clearly observed from Fig. 3A, either covalently binding the reactant PEI
to the luminescent functionalized (Hf)MOL-Ru or adding it to the
working buffer has a major impact on the ECL emission of (Hf)MOL-Ru.
In addition, the time required for the (Hf)MOL-Ru-PEI (Fig. 3A, curve a)
to reach the maximum ECL signal is faster than that of (H)MOL-Ru with
PEI added to the electrolyte (Fig. 3A, curve b), indicating that the (Hf)
MOL-Ru-PEI composite can effectively reduce the energy loss of Ru
(dcbpy)3* and improve the ECL efficiency because of the short charge
and energy transport distance provided by the intramolecular rapid
reaction.

The fluorescence (FL) and ECL spectra of (Hf)MOL-Ru-PEI-Pd were
obtained using the same setup used for the spectroscopic study (Fig. 3B).
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Fig. 2. (A) CV of (Hf)MOL-Ru-PEI-Pd modified electrodes at different scanning speeds (0.02 V s71-0.38 Vs ). (B) The ECL and CV spectra of (Hf)MOL-Ru-PEI-Pd
and (H)MOL-Ru-PEI were studied in PBS solution (pH 7.6). (C) The linear relationship of (H)MOL-Ru-PEI-Pd modified electrodes at different scanning speeds (0.02
Vs 1-0.38 Vs 1). (D) The ECL intensity comparison of (Hf)MOL-Ru-PEI-Pd/GCE (a), (Hf)MOL-Ru/GCE containing 30 pL of PEI (b), (Hf)MOL-Ru/GCE containing 30

pL of DBAE (c), and (Hf)MOL-Ru-PEI/GCE (d) were measured in 10 mL of PBS.
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of several Ab, bioconjugates: (a) Aby/CEA/BSA/Ab;/(Hf)MOL-Ru-PEI-Pd/GCE, (b) CuFe,0,4/Ab,/CEA/BSA/Ab,/(Hf)MOL-Ru-PEI-Pd/GCE, (c) CuFe;04@PDA-Aby/
CEA/BSA/Ab;/(Hf)MOL-Ru-PEI-Pd/GCE, (d) CuFe,O4@PDA-MB-Ab,/CEA/BSA/Ab;/(Hf)MOL-Ru-PEI-Pd. (D) The FL spectra of (Hf)MOL-Ru-PEI-Pd (a) and (Hf)

MOL-Ru-PEI-Pd contained 1 mg mL ! of CuFe,04@PDA-MB (b).

As can be seen from the FL spectra of (Hf)MOL-Ru-PEI-Pd, the FL has
peaks at 640 nm. The ECL emission peaks at 660 nm and shows a red
shift of 20 nm compared to the FL, so the excited states of (Hf)MOL-Ru-
PEI-Pd may be generated by a mechanism of surface state transitions at
lower energies than the band gap [39]. As a result, more defects in the
loaded material favor the generation of excited-state species. According
to the literature review [16,22,25,40], the possible ECL mechanism of
(Hf)MOL-Ru-PEI-Pd is as follows: First of all, Ru(Il) and PEI in (Hf)
MOL-Ru(II)-PEI-Pd lose electrons to become Ru(IlI) complexes and
PEI*' (equation (1)). At the same time, PEI*" deprotonation to form
PEI®, which can undergo an intramolecular reaction with Ru(Ill) to
generate excited (Hf)MOL-Ru(II)*-PEI-Pd (equations (2) and (3)). (Hf)
MOL-Ru(I)*-PEI-Pd release energy produces an ECL signal (equation
(4)

(Hf)MOL — Ru(II) — PEI — Pd - 2e~ — (Hf)MOL — Ru(III) — PEI** —Pd

(@)
(Hf)MOL — Ru(IIl) — PEI** —Pd — H* — (Hf)MOL — Ru(IIl) — PEI'—Pd

(2)
(Hf)MOL — Ru(III) — PEI' — Pd — (Hf)MOL — Ru(Il) x —PEI—Pd  (3)

(Hf)MOL — Ru(II) * —PEI — Pd — (Hf)MOL — Ru(II) — PEI — Pd + hv
C)]

(Hf)MOL — Ru(II) * —PEI — Pd + Cu*" — (Hf)MOL — Ru(Ill) — PEI — Pd
+Cu’

(5)
PDA - 2¢~ — PDA* (6)
(Hf)MOL — Ru(II) * —PEI — Pd 4 PDA”*" — (Hf)MOL — Ru(Ill) — PEI
— Pd+PDA
@)

3.4. Quenching mechanism of CuFe;04@PDA-MB

At the same time, the quenching efficiency of the probe seriously
affects the sensitivity of the immunosensor. As is depicted in Fig. 3C,
with only Ab,, the ECL signal of the system is 17000 a.u. (curve a). A
weak ECL signal of around 13000 a.u. was observed when CuFe,04 and
Ab, were drop on the electrode because Cu?" might prevent excited
state Ru(dcbpy)%+ emission via electron transport (curve b) (equation
(5)) [41,42]. The excited state of (Hf)MOL-Ru-PEI-Pd may be quenched
by benzoquinone or catechol functional groups in PDA by electron and
energy transfer (equation (6)), which leads to a clear reduction in ECL
emission by CuFe;04@PDA-Ab, applied to the electrode (curve c). In
order to further understand the quenching efficiency of CuFe,O4@P-
DA-MB on the excited state (Hf)MOL-Ru-PEI-Pd, the fluorescence
emission spectra of the mixed solution of CuFe;0O4@PDA-MB and (Hf)
MOL-Ru-PEI-Pd were tested (Fig. 3D). It can be seen that the maximum
fluorescence emission wavelength of (Hf)MOL-Ru-PEI-Pd is 640 nm and
the fluorescence intensity is 48000 a.u (Fig. 3D, curve a). The fluores-
cence intensity of (Hf)MOL-Ru-PEI-Pd obviously decreased after being
mixed with CuFe;04@PDA-MB (Fig. 3D, curve b), demonstrating that
CuFe,04@PDA-MB was able to prevent (Hf)MOL-Ru-PEI-Pd from
emitting fluorescence (equation (7)). Additionally, the ECL emission
spectra of (H)MOL-Ru-PEI-Pd and the UV-vis absorption spectra of
CuFe;04@PDA-MB were investigated. The purple curve in Fig. 4A
shows that the greatest emission in the ECL spectra of (H)MOL-Ru--
PEI-Pd occurred around 660 nm. At the same time, a stronger UV-vis
absorption peak (664 nm) was acquired from MB and CuFe;O4@P-
DA-MB, whereas PDA, CuFe;04, and CuFe;04@PDA do not. Moreover,
the ECL emission spectrum of (Hf)MOL-Ru-PEI-Pd overlaps obviously
with the UV-vis absorption spectrum of CuFe;O4@PDA-MB (Fig. 4A,
blue curve), while PDA, CuFe;04, and CuFe;O4@PDA have almost none.
These results suggest that there may be an energy transfer between (Hf)
MOL-Ru-PEI-Pd and CuFe;0O4@PDA-MB, and that the main receptor for
this energy transfer is MB. Because the UV-vis absorption spectra of
CuFe04@PDA-MB significantly overlapped with the ECL spectrum of
(Hf)MOL-Ru-PEI-Pd from 500 to 800 nm (Fig. 4A) and the distance
between CuFe;04@PDA-MB and (Hf)MOL-Ru-PEI-Pd was assumed to be
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Fig. 4. (A) The ECL spectra of (Hf)MOL-Ru-PEI-Pd and the UV-vis spectra of CuFe;O4, MB, PDA, CuFe,04@PDA, CuFe,0,@PDA-MB. (B) Stern-Volmer quenching
intensity plot of (H)MOL-Ru-PEI-Pd contained 0, 0.10, 0.25, 0.50, 0.75, 1.00, 2.50, 5.00, 7.50, and 10.00 mg mL ™! of CuFe,0,@PDA-MB in 10 mL of PBS (pH 7.6).
(C) The CV curves and EIS responses (D) for (a) bare GCE, (b) GCE/(Hf)MOL-Ru-PEI-Pd, (c) GCE/(Hf)MOL-Ru-PEI-Pd/Ab,, (d) GCE/(Hf)MOL-Ru-PEI-Pd/Ab;/BSA,
(e) GCE/(H)MOL-Ru-PEI-Pd/Ab,/BSA/CEA, (f) GCE/(Hf)MOL-Ru-PEI-Pd/Ab,/BSA/CEA/CuFe,04@PDA-MB-Abs,.

less than 10 nm, the fluorescence resonance energy transfer (FRET)
theory was first applied to demonstrate the quenching process. Ac-
cording to previous works, the Forster radius Ry was calculated to be
13.44 nm (detailed calculation in Supplementary Material). In this
sandwich CEA immunosensor, the distance between (Hf)MOL-Ru--
PEI-Pd and CuFe,04@PDA-MB is greater than 10 nm, so the quenching
of (HHMOL-Ru-PEI-Pd by MB cannot be explained by resonance energy
transfer [43]. Thus, the quenching mechanism of (Hf)MOL-Ru-PEI-Pd by
MB was first considered by IFE. In the IFE theory, (Hf)MOL-Ru-PEI-Pd
acts as the energy donor, and CuFe;04@PDA-MB acts as the energy
acceptor. Since IFE mainly comes from the MB of CuFe;04@PDA-MB,
the quenching efficiency of the MB on (Hf)MOL-Ru-PEI-Pd was inves-
tigated separately. The ECL of (Hf)MOL-Ru-PEI-Pd was gradually
decreased upon the continuous addition of MB in solution after
removing the quenching effect of CuFe;O4@PDA. The results show that
MB has better quenching ability of ECL in (Hf)MOL-Ru-PEI-Pd (Fig. S3).

The quenching effect of the quenching agent has been well docu-
mented and can be evaluated using the quenching rate constant (kg)
according to Stern-Volmer equation (Io/I =1 + kqto-[Q] + Kg-[Q1) [43,
44]. In this equation, I, is the ECL emission intensity in the absence of
quenching agent; I is the ECL emission intensity in the presence of a
quenching agent; Ky is the Stern-Volmer constant; kg is the quenching
rate constant; T is fluorescence lifetime [the T of Ru(dcbpy)%+ is 1080
ns]; and [Q] is the concentration of quenching agent. We measured the
ECL intensity of (Hf)MOL-Ru-PEI-Pd/GCE in the presence of
CuFe,04@PDA-MB at different concentrations (0, 0.10, 0.25, 0.50, 0.75,
1.00, 2.50, 5.00, 7.50, and 10.00 mg mL ") (Fig. 4B and Fig. S4). With
I/1, as the vertical coordinate and the concentration of CuFe,O4@P-
DA-MB as the horizontal coordinate, the slope of the working curve
obtained is 0.36, so the K, is 0.36 L g’l, and kg is 3.4 x 10° L g’1~s’1.
The large kq value indicates highly extinction capability of
CuFe;04@PDA-MB, which increases the possibility of constructing
signal quenched ECL immunosensors [45].

3.5. Characterization of the ECL immunosensor

The successful manufacturing of the immunosensor was

demonstrated using CV in Fig. 4C. In 2.5 mmol L!of [Fe(CN)6]3‘/ 4
solution, bare GCE showed a distinct reversible redox peak (Fig. 4C,
curve a). The electrical conductivity may be reduced after (Hf)MOL-Ru-
PEI-Pd coated on electrode, so a noticeably decreased peak current was
seen (Fig. 4C, curve b). At the same time, the oxidation and reduction
peak currents gradually dropped after the immobilization of Ab;, BSA,
and CEA (Fig. 4C, curves c, d, and e), due to the poor electrical con-
ductivity of proteins. The addition of CuFe;04@PDA-MB-Ab, resulted in
a further reduction in redox current intensity, demonstrating the effi-
cacy of its conjugation with CEA (Fig. 4C, curve f). To further verify the
successful fabrication of the immunosensor, electrochemical impedance
spectroscopy (EIS) was carried out. In the EIS experiments, our instru-
ment parameters of frequency range and amplitude were set as 100
mHz-100 kHz and 5 mV respectively. The bias voltage remained the
default 0 V. The buffer solution used in the tests was a kind of mixed
solution containing 2.5 mmol L! K3[Fe(CN)gl, 2.5 mmol Lt K4[Fe
(CN)e] and 0.1 mol L1 KCl. The specific process is as follows: oxidation
reaction: Fe>" - e~ — Fe3*; reduction reaction: Fe®* + e~ — Fe?t. Due to
the (Hf)MOL-Ru-PEI weak electrical conductivity of composite material,
as shown in Fig. 4D, the electron transfer resistance (Ret) of (Hf)MOL-
Ru-PEI-Pd (Fig. 4D, curve b) was elevated in comparison to that of bare
GCE (Fig. 4D, curve a). The impedance increased after the electrode was
coated with Ab,, BSA, and CEA (Fig. 4D, curves c, d, and e), indicating
that the biomaterials were successfully modified on the electrode.
Additionally, the impedance value increased with the addition of the
CuFey04@PDA-MB-Ab, (Fig. 4D, curve f). The experimental results of
CV and EIS characterizations proved that the immunosensor was suc-
cessfully built.

3.6. Optimization experimental conditions

The effects of experimental factors such the quantity of (H)MOL-Ru-
PEI-Pd, the duration of CuFe;04@PDA-MB-Ab, incubation, and impact
of PBS (pH value) were all investigated [46,47]. The concentration of
(Hf)MOL-Ru-PEI-Pd was tuned in order to produce the high ECL effi-
ciency of the luminophore, and the outcome is shown in Fig. 5A. The
ECL intensity significantly rose as (H)MOL-Ru-PEI-Pd concentration
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Fig. 5. (A) The optimization of concentration of (Hf)MOL-Ru-PEI-Pd and (B) the pH value of PBS. (C) The optimization of incubation time of Ab, bioconjugates. (D)
Stability of the sensor at 100 ng mL~! of CEA.

increased from 0.5 mg mL ™! to 4 mg mL™}, but it ultimately stabilized the immunosensor. (Fig. 5B). The binding amount of the quenched
with further enhancement of (Hf)MOL-Ru-PEI-Pd content, likely probe seriously affects the sensitivity of the sensor, so it is necessary to
because the higher content of (Hf)MOL-Ru-PEI-Pd is not conducive to optimize the incubation time of the secondary antibody marker
electron transport. Therefore, the ideal (Hf)MOL-Ru-PEI-Pd concentra- (Fig. 5C). When the incubation time increased from 30 to 90 min, the
tion was 2 mg mL !, which can prevent reagent waste and obtain good ECL intensity experienced a dramatic decline before plateauing. In light
ECL efficiency. In addition, PBS with a pH range of 6.0-8.4 was selected of this, a suitable incubation period of 90 min was chosen for the sub-
to investigate the effects of ECL intensity. Evidently, pH 7.6 was chosen sequent experiment.

for improved bioactivities of biomolecule and a greater ECL response of

A B
15.0k -
<
=
o 12.0kA
N’
£ 9.0k
7]
=
&L 6.0k
=
—
o 3.0k
Q
= 0.04— T T T T T T
4 -3 2 -1 (1} 1 2
Igc (ng/mL)
C D Bl intra-assay
-~ ~ 5.0k Bl interassay
= =
< <
N’ A
& 2
= =
= =
3 ]
= £
= -
O Q
- =

e
¥
3 J‘@

Fig. 6. (A) The ECL time-intensity curve and (B) sensor operating curve of CEA concentration gradient from 0.1 pg mL~! to 100 ng mL™'. The conditions were
performed in PBS (10 mL, pH 7.6) (Error bars: SD, n = 3). (C) The selectivity of the immunosensor (the sensor was used to detect 5 ng mL ! PSA, BSA, NSE, CYFRA
21-1, and the mixtures of these interferors with 1 ng mL~! CEA). (D) Intra-assay and inter-assay of electrodes in the same batch. Error bars: +standard deviation (SD),

n=>5.
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3.7. Analytical performance of the ECL immunosensor

In order to obtain the best analytical performance of synergistic
quenching type immunosensor (Because the Cu?" and PDA of
CuFe;04@PDA-MB in the system will have a negative effect on the
excited (H)MOL-Ru*-PEI-Pd (dynamic quenching effect), while MB
realizes the ECL signal attenuation of (H)MOL-Ru-PEI-Pd through IFE),
a series of CEA concentrations were selected to plot the working curve
under optimal experimental conditions [48,49]. As shown in Fig. 6A,
ECL intensity gradually decreased with increasing CEA concentrations.
Fig. 6B shows a linear relationship between ECL intensity and the log-
arithm of CEA concentration from 0.1 pg mL™! to 100 ng mL™.. The
curve can be well described by the equation: y = 6054.5-2035.5 1g c,
where c is the concentration of CEA in the detected sample, and y is the
ECL intensity corresponding to concentration of CEA. The limit of
detection (LOD) was calculated to be 20 fg mL ! (in accordance with the
definition of LOD provided by IUPAC), and the square of correlation
coefficient (Rz) was 0.99. Due to the outstanding ECL property of (Hf)
MOL-Ru-PEI-Pd and the extremely effective quenching ability of
CuFe;04@PDA-MB, the analytical performances were superior than
those of the literatures listed in Table 1.

3.8. Repeatability, stability, and selectivity of the inmunosensor

In order to evaluate the practical application capability of the
immunosensor, selectivity, repeatability, and stability are investigated
separately. Common cancer markers, such as NSE, PSA, CYFRA 21-1,
and BSA were used as interfering substances to explore the selectivity
of the immunosensor (Fig. 6C). When 5 ng mL ™! of NSE, PSA, CYFRA 21-
1, and BSA were detected separately, the ECL signal of the sensor is
fundamentally unchanged. The ECL intensity was consistent with 1 ng
mL~! of CEA when it was mixed with 5 ng mL™! of PSA, BSA, and NSE
separately. The laboratory finding shows that the immunosensor has
excellent selectivity. The reproducibility of CEA immunosensors was
explored with intra- and inter-assay precision. The intra-assay accuracy
was determined by evaluating one CEA level on five reduced duplicate
readings. Five immunosensors were used to detect CEA to determine the
inter-assay accuracy. The intra- and inter-assay variability coefficients
obtained from CEA at 1 ng mL™! were 3.5 % and 4.7 %, respectively.
Both the intra- and inter-assay precision indicates that immunosensors
have excellent reproducibility (Fig. 6D) [57]. The operational stability
of sensors is an influential factor affecting the practical applications of
immunosensors. As shown in Fig. 5D, after the modification of 100 ng
mL™' of CEA and successful incubation of CuFe;0,@PDA-MB, the
modified electrodes exhibit a strong and stable ECL response under
0-1.3 V scanning and an RSD of 2.0 % after 14 consecutive cycles. This
results show that the sensor is stable. At the same time, the ECL response
of the sensor stored at 4 °C for a long time shows acceptable storage
stability (Fig. S5) [58].

3.9. Actual sample detection and analysis

The use of real serum samples for analytical testing can accurately
reflect the potential of biosensors [59-62]. CEA is a typical cancer
marker. In this work, CEA was used as the target analyses to detect and
analyze CEA (2.0 ng mL™!) in human serum samples by the labeled
recovery method, and the recovery range was as follows: 96.8%-105.5
% (n = 5); RSD ranged from 2.9% to 3.1 % (Table S1). This result in-
dicates that the constructed sensor has acceptable accuracy and is ex-
pected to be developed for clinical applications.

4. Conclusion
In summary, a “signal on-off” type ECL immunosensor was con-

structed for CEA analysis ground on ternary extinction effects of
CuFe,04@PDA-MB  towards self-enhanced (Hf)MOL-Ru-PEI-Pd
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Table 1
The comparison of CEA detection methods.
Detecting Materials Linear Detection References
method range (pg limit (pg
mL’l) mL’l)
Electrochemical Au NPs/COFTFPB- 1.1 x 34 [50]
Methods Thi 10%-8 x
10*
Electrochemical MXC-Fe304-Ru 1-4 x10°  0.62 [511
Methods
PEC Ag/Mo0O3-Pd 1x 26 [52]
10%1 x
10*
PL Nd doped NaYF, 1.80 x 370 [53]
10%-3.2
x 10°
ECL Ru-Si-NPs and Au 5-5 x 10° 1.6 [54]
NPs
ECL AuNPs@Ir-Zr- 1-1x10° 0.2 [55]
MOL
ECL Ru@NH,-MIL-88 1-1 x 10° 38.9 [56]
(Fe) and
Au@MoS,
This work (Hf)MOL-Ru-PEI- 1.0 x 0.02
Pd and 10711 x
CuFe,0,@PDA- 10°
MB

complexes. The prepared immunosensor has the following fascinating
characteristics. Firstly, the high ECL efficiency of (Hf)MOL-Ru-PEI-Pd
originated from the dual intramolecular self-catalysis, including intra-
molecular co-reaction between PEI and Ru(dcbpy)3", which generate a
strong initial ECL signal after loading Pd NPs. Besides, CuFe;04@PDA-
MB-Ab, quenches the excited states of Ru(dcbpy)3™ by PDA, Cu?*, and
MB via energy and electron transfer. In particular, the ECL quenching of
Ru(dcbpy)3t by MB was firstly explained by the inner filter effect
quenching mechanism. Under the optimum experimental conditions,
the proposed sensor had good linearity with the CEA concentration of
0.1 pg mL™1-100 ng mL™, and a detection limit of 20 fg mL™! (S/N = 3)
was obtained. The prepared sensor has high selectivity, good repro-
ducibility, and stability offered an efficient strategy to estimate CEA and
also provided a candidate for quantitative analysis of many other kinds
of tumor markers.
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