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ARTICLE INFO ABSTRACT

Keywords: This study presents an innovative approach based on electrochemiluminescence resonance energy transfer (ECL-
Electrochemi'luminescence RET) through the introduction of a new pattern donor-acceptor couple. The donor of self-enhanced Ce(Ill, IV)-
Immunosensing MOF@Ru is created by immobilizing Ru(bpy)3+ on Ce-based metal-organic frameworks (Ce(III, IV)-MOF). The
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Self-enhanced
HER2

acceptor of CuO@PDA@AUNPs is the CuO nanospheres polydopamine (PDA) framework grafted with gold
nanoparticles (AuNPs). An ultrasensitive detection of human epidermal growth factor receptor-2 (HER2) was
achieved through the development of a quenched ECL immunosensor. Ce(IIl, IV)-MOF, a unique 3D infinite
extension framework, was recognized for its excellent nanostructure and remarkable capacity to greatly activate
tripropylamine (TPrA) and generate abundant radicals. Fortunately, it was simultaneously utilized as a highly
effective coreactant accelerator and encapsulation agent, thereby facilitating the immobilization of Ru(bpy)3*
and the generation of radicals for creating a self-enhanced emitter of Ce(IIl, IV)-MOF@Ru. Consequently, by
effectively reducing the distance of electron transmission and minimizing the loss of energy, Ce(III, IV)-MOF@Ru
achieved a significantly high efficiency in ECL. More importantly, CuO@PDA@AuNPs was prepared as a perfect
quenching agent. The ultraviolet-visible (UV-vis) spectra of CutO@PDA@AuNPs exhibited partial overlap with
ECL spectra of Ce(Ill, IV)-MOF@Ru, thus efficiently initiating the ECL-RET interaction between the donor and
acceptor. With the purpose of demonstrating the superiority of newly obtained self-enhanced nanoemitter and
donor-acceptor couple, an ECL immunoassay was proposed for the analysis of HER2 with range of 0.2 fg/mL ~
10 ng/mL and the limit of detection of 0.067 fg/mL. Therefore, this method supplies convenient and significant
strategy for the clinical analysis.

1. Introduction investigated electrochemiluminophores, which has been prosperously

commercialized owing to the admirable ECL performance with high

Electrochemiluminescent (ECL), as a prospective technology with
outstanding controllability, perfect sensitivity, broad detection range
and simple instruments has attracted considerable interest and displays
extensive applications for the bioanalysis [1-3]. Among numerous ECL
analytical strategies, it is essential to actively search for or create ECL
emitters with admirable efficiency, such as Ru(bpy)%+ [4,5], luminol [6,
7] and nanomaterials [8,9]. Ru(bpy)%+ is one of the most widespread
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stability among water-soluble circumstances [10,11]. However, in view
of the perfect water-solubility of Ru(bpy)3*, it was generally difficult to
utilize it for the biosensing platform of solid type. Many attempts have
been implemented to assemble Ru(bpy)3" on carrier materials that
possess desirable properties, for example the high specific surface area,
excellent electroconductibility and biocompatibility [12,13]. Consid-
ering these demands, it is still significant to explore suitable materials
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for encapsulating the Ru(bpy)3" luminescent molecules.

Metal-organic frameworks (MOFs) are innovative and highly
outstanding porous nanomaterials along with precisely definable crys-
talline nanostructure, great superficial area, and impressive capability to
accommodate various agents, which have attracted significant attention
[14-16]. At present, owing to the remarkably excellent structure, MOFs
have been utilized as the host materials to assemble a series of lumi-
nophores, such as Ru(bpy);%+ [12], nanoclusters [17], and quantum dots
[18]. Although previous studies have mainly investigated the ECL be-
haviors of these luminophores with MOF utilized as carriers, there have
been no reports about MOFs serving as both encapsulant for incorpo-
rating luminophores and accelerator for coreactant. However, it is not
difficult to achieve the above purpose based on the perfect nano-
structure of MOFs. Fortunately, the Ce-based MOFs (Ce(III, IV)-MOF)
possesses substantial metal active sites owing to its distinctive
three-dimensional (3D) infinite extension framework structure, and
controllable porosity, making it a suitable hosts for luminescent mole-
cules [19,20]. Nevertheless, the exploration of utilizing Ce-based MOFs
compound as a coreaction accelerator for tripropylamine (TPrA) is still
in the early stages. Hence, this is not difficult to achieve on account of
the exceptional redox reversibility of Ce®*/Ge*, allowing for recycling
through electrochemical redox reactions.

Taking the above-mentioned advantages into consideration, Ce(IIl,
IV)-MOF diaplayed admirable catalytic activity, which could promi-
nently activate TPrA to generate substantial radicals. Meanwhile, the Ru
(bpy)%+ were trapped within 3D infinite extension framework Ce(IIl,
IV)-MOF that contained cage structures. As a result, a self-enhanced
emitter of Ce(IIl, IV)-MOF@Ru is created, which efficiently reduces
the distance of electron transmission and minimizes the loss of energy,
prominently enhancing the ECL efficiency. Meanwhile, polydopamine
(PDA), a biocompatible, innocuous, and admire polymer has fulfilled the
requirements of bioanalysis [21,22]. The unique chemical composition
of PDA includes multiple surface-functionalized groups. The catechol
construction of PDA can be readily oxidized to obtain the o-benzoqui-
none, leading to the suppression of ECL response [23]. Additionally, the
gold nanoparticles (AuNPs) possess the excellent electrical conductivity
and biocompatibility [24]. Thus, benefitting from the excellent char-
acteristics of this developed Ce(Ill, IV)-MOF@Ru and CuO@P-
DA@AuNPs, a novel donor-acceptor pair that relies on resonance energy
transfer (RET) [25] among them has been successfully created for the
first time. Furthermore, there has been a significant overlapping among
the ECL spectra of Ce(lII, IV)-MOF@Ru and ultraviolet-visible (UV-vis)
spectra of CuO@PDA@AuNPs [23]. With the aim of preserving the
bioactivity of incubated antibodies, the site-oriented approach utilizing
HWRGWVC (HWR) [26,27], a heptapeptide with the capability for
selectively capturing the Fc segment of the antibodies, was employed on
the surface of Ce(Ill, IV)-MOF@Ru and CuO@PDA@AuNPs. This
site-oriented method has been previously shown to enhance the incu-
bation efficiency and maintain the bioactivity of the antibodies better
than conventional methods, as demonstrated in our previous research
[28]. Benefitting from the above superiorities, a successful development
of a sandwich-type ECL biosensor has been achieved. In this biosensor,
Ce(IIl, IV)-MOF@Ru-HWR-Ab; serves as the sensing platform and ECL
indicator, while CuO@PDA@AuNPs-HWR-Ab, as the RET acceptor.
With the purpose of offering an admire technique for early test of breast
cancer, the selected analyte was the human epidermal growth factor
receptor-2 (HER2) [29]. The HER2 could serve a significant clinical
monitoring and prognostic indicator and is also a key target for selecting
tumor targeted therapy drugs [30]. Then, the biosensor displayed a
satisfactory linear response within the concentration ranging from 0.2
fg/mL to 10 ng/mL and attained an impressive detection limit of 0.067
fg/mL.
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2. Experimental
2.1. Chemicals, materials and apparatus

The chemicals, materials and apparatus, and synthesis of Ce (IIL, IV)-
MOF@Ru-HWR and CuO@PDA@AuNPs-HWR-Ab, are exhibited in the
Supporting Information.

2.2. Fabrication of the constructed ECL immunosensor

The prepared procedure for this immunosensor was displayed in
Scheme 1C. The bare glassy carbon electrode (GCE) was primary pol-
ished with Al,O3 powder and cleaned via ultrapure water, next dried
through Nj. Then, 10 pL of Ce(IlI, IV)-MOF@Ru-HWR (2 mg/mL) was
covered on GCE and cleaned by 0.1 mol/L phosphate buffered saline
(PBS, pH 7.4) slightly. Next, 10 pL of as-proposed Ab; (10 pg/mL) was
modified onto the Ce(IlI, IV)-MOF@Ru-HWR surface and kept at 4 °C for
1 h, and 3 pL of bovine serum albumin (BSA) (1 wt%) was modified on
the surface of electrode to seal nonspecific binding sites. Then, 10 pL of
diverse contents of HER2 were decorated onto electrode surface and
maintained at 37 °C for 1 h. Eventually, 10 pL of CutO@PDA@AuNPs-
HWR-ADb; bioconjugate was linked to HER2 for completing the biosensor
construction.

2.3. Electrochemical and ECL analysis

Cyclic voltammetry (CV) and ECL technique were separately
employed to obtain their measurements. The corresponding ECL ex-
periments were conducted in the 0.1 mol/L PBS (pH 7.4) with 10 mmol/
L TPrA. Meanwhile, the conditions of this experiment included the
photomultiplier tube voltage of 800 V, the scanning voltage from 0 to
+1.6 V at the rate of 0.1 V/s.

3. Results and discussion

3.1. Characterizations of Ce(IIl)-MOF, Ce(Ill, IV)-MOF and Ce(lII, IV)-
MOF@Ru

As displayed in Fig. 1A, the X-ray diffraction (XRD) of Ce(III)-MOF
was accordant with preceding researches and could be indexed to the
Ce-BTC [20,31]. Upon the introduction of NaOH with H,O5 for sectional
oxidation, this acquired Ce(III)-MOF revealed a shift in its peak in the
XRD pattern. This shift can be attributed to the alteration of crystalline
construction caused by intense oxidized reaction, implying the presence
of Ce(IIl) residue. Simultaneously, the occurrence of distinct peaks
corresponded to the cubic morphology of CeO, (JCPDS 34-0394),
confirming the acquisition of Ce(IV) [32]. Upon the Fig. 1B, the XRD of
CuO was consistent with previous study and could be attributed to the
monoclinic nanostructure [33]. Next, as indicated in the Fig. 1C-D, the
average dimension of the rod-like structure exhibited by Ce(III)-MOF
was determined to be 500 nm, indicating its uniformity. Following
partial oxidized reaction, the conformation for Ce(Ill, IV)-MOF
remained analogous to that of Ce(III)-MOF along with the coarser sur-
face (Fig. 1E). This surface roughness has the potential to enhance the
effective surface, consequently promoting the catalytic performance
[20]. Meanwhile, as observed in the Fig. 1F, the CuO presented a rough
appearance along with the average size of approximately 300 nm. With
the purpose of examining the synthesized AuNPs on CuO@PDA surface,
the SEM image of CuO@PDA@AuNPs were exhibited in Fig. 1G. The
observation revealed that the AuNPs were evenly dispersed on the
CuO@PDA surface.

As exhibited in the Fig. 1H-I, the surfacial chemical formations and
valence states of elements for the obtained Ce(Ill, IV)-MOF@Ru nano-
materials were measured by the X-ray photoelectron spectroscopy
(XPS). In the Fig. 1H, it revealed the presence of Ce, Ru, and O based on
survey spectra. In addition, the high resolution spectra for Ce 3d in the
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Scheme 1. Preparation of (A) Ce(Ill, IV)-MOF@Ru-HWR and (B) CutO@PDA@AuNPs-HWR-Ab,; (C) Fabrication process for the ECL immunosensor.

Fig. 11 demonstrated six evident peaks, corresponding to Ce(II) and Ce
(IV), respectively.

3.2. ECL response amplification mechanism of Ce(IIl, IV)-MOF@Ru and
the quenching mechanism of CuO@PDA@AuNPs

According to the aforementioned experimental process, the Ce(III)-
MOF was oxidated by NaOH and H205 to obtain Ce(III, IV)-MOF. In the
Fig. 2A-B, Ce3* and Ce*" were coexisted inside the Ce(III, IV)-MOF
nanostructure. Furthermore, the possible mechanisms for ECL in the
constructed immunosensor were exhibited in the Fig. 2C-D. When TPrA
was used as the coreactant of the Ce(III)-MOF@Ru system, TPrA*" was
formed around the electrode, resulting in an excellent ECL signal. Sub-
sequently, as Ce(Ill, IV)-MOF@Ru participated into the ECL formed
process, the generation of TPrA®" was distinctly increased, acquiring
obvious ECL intensity amplification.

The important function of Ce(Ill, IV)-MOF in the Ce(IlI, IV)-
MOF@Ru/TPrA system was investigated. As displayed in Fig. 3A-B, the
investigations on the behaviors of simultaneous ECL and CV measure-
ments upon various circumstances were demonstrated. No ECL signal
has been obtained from GCE (Fig. 3 A, curve a) in PBS (pH 7.4) including
TPrA. Subsequently, under the modification of Ce (III)-MOF (1 mg/mL)

and Ce (III, IV)-MOF (1 mg/mL) onto the GCE, no ECL intensities were
also displayed (curve b and c), which demonstrated that the Ce (III)-
MOF and Ce (III, IV)-MOF could not generate ECL response. Similarly,
when the identical content of Ce(III)-MOF@Ru and Ce(III, IV)-MOF@Ru
were modified onto GCE, obvious ECL intensities of 16625 a.u. and
22017 a.u. were acquired (curve d and e). Moreover, the ECL response
for Ce(Ill, IV)-MOF@Ru was more stronger than Ce(III)-MOF@Ru,
which indicated the ECL response was increased by the Ce(Ill, IV)-MOF.
On account of the coreactant ECL reaction mechanism and existing
literature, it has been proven that Ce(III, IV)-MOF could serve as the
successful coreaction accelerator for the system [28,34,35], which could
improve the generation of the radicals intermediate to obtain the
enhanced ECL response. In addition, by effectively reducing the electron
transfer distance and generating a highly oxidizing species, the
self-enhanced emitter of Ce(Ill, IV)-MOF@Ru could facilitate the
oxidized reaction of coreactant TPrA and enhanced the ECL efficiency.
Moreover, the ECL emission potential of Ce(Ill, IV)-MOF@Ru was more
positive than the Ce(III)-MOF@Ru, and the current was the strongest,
which indicated that Ce(III, IV)-MOF took a significant part in enhancing
the transfer of electron. Then, the possible ECL mechanism was dis-
played as follows (Egs. 1-5).

TPrA — e~ — (Ce(llL, IV)-MOF) TPrA*" (more) (@)
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Fig. 3. (A) ECL response-potential and (B) CV curves for (a) GCE, (b) Ce(IlI)-MOF/GCE, (c) Ce(Ill, IV)-MOF/GCE, (d) Ce(III)-MOF@Ru/GCE and (e) Ce(Ill, IV)-
MOF@Ru/GCE inside 0.1 mol/L PBS with 10 mmol/L TPrA. (C) ECL intensity of (a) GCE, (b) Ce(Ill, IV)-MOF@Ru/GCE, (c) CuO/Ce(Ill, IV)-MOF@Ru/GCE, (d)
CuO@PDA/Ce(I1I, IV)-MOF@Ru/GCE, and (e¢) CutD@PDA@AuNPs/Ce(IIl, IV)-MOF@Ru/GCE inside 0.1 mol/L PBS with 10 mmol/L TPrA. (D) UV—vis absorption of
(a) CuO, (b) CuO@PDA and (c) CuO@PDA@AuNPs; the ECL emission spectra of (d) Ce(IIl, IV)-MOF@Ru.
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Meanwhile, the sensitivity of immunosensor was also significantly
affected by the efficiency of quenching probe [36]. With the purpose of
investigating quenching behavior of CuO@PDA@AuNPs, these
quenching nanomaterials of CuO, CuO@PDA and CuO@PDA@AuNPs
were synthesized, separately. As displayed in the Fig. 3 C, no signal was
generated from GCE (curve a), but the Ce(IlII, IV)-MOF@Ru displayed an
obvious ECL intensity (curve b). When CuO was decorated onto the Ce
(111, IV)-MOF@Ru surface, a noticeable reduction in ECL emission (curve
c) was observed, which could be obtained that CuO possessed the ability
to weaken ECL emission of Ce(III)-MOF@Ru via energy transduction.
When CuO@PDA was decorated onto the above surface (curve d), a
weaker ECL intensity was achieved, which was due to the inhibitory
effect of PDA loaded by the CuO nanoparticles. This was because the
interaction between the catechol or benzoquinone in PDA with CuO to
the excited status of Ce(IlI, IV)-MOF@Ru, leading to energy transfer and
quenching [6,23]. Next, when CuO@PDA@AuNPs was decorated onto
Ce(III, IV)-MOF@Ru surface, the ECL intensity was the least, certifying
that both CutO@PDA and AuNPs would quench ECL response of Ce
(IID-MOF@Ru. As revealed in the curve e of Fig. 3 C, the CuO@P-
DA@AuNPs complex exhibited the highest level of quenching intensity
towards the ECL response of Ce(II[)-MOF@Ru emitter through the en-
ergy transfer.

With the aim of exploring the potential quenching mechanism of
CuO@PDA@AuNPs toward Ce(IlI, IV)-MOF@Ru, the UV—vis spectra for
CuO, CuO@PDA and CuO@PDA@AuNPs and the ECL spectrum for Ce
(I1L, IV)-MOF@Ru were measured (Fig. 3D). From the observation, it
could be inferred that there was a partial overlap between ECL spectra of

Ce(IlI, IV)-MOF@Ru (curve d) and UV-vis of CuO (curve a), which
suggested the potential presence of ECL-RET. Next, the ECL signal of Ce
(I, IV)-MOF@Ru was also quenched via CuO@PDA, and then the
mechanism may be based on the existence of substantial functional
groups of catechol or benzoquinone on the surface of CutO@PDA, which
quenched the ECL signals. The findings demonstrated that the ECL
spectrum for Ce(IIL, IV)-MOF@Ru spanning from approximately 500 nm
to 800 nm (curve d). Meanwhile, the UV-vis spectra for CuO@P-
DA@AuNPs displayed a wide absorption extent. A distinct spectral
overlap was detected between the ECL spectrum of Ce(III, IV)-MOF@Ru
and the UV-vis spectrum of CuO@PDA@AuUNPs, thus indicating the
feasibility of RET between Ce(Ill, IV)-MOF@Ru (energy donor) and
CuO@PDA@AuNPs (energy acceptor).

3.3. Feasibility of the ECL immunosensing

The successive property of immunosensor was obtained by electro-
chemical impedance spectroscopy (EIS). In the Fig. 4 A, the achieved
GCE revealed a little semicircle (curve a), which was owing to the
transfer of free-electron. The Ce(III, IV)-MOF@Ru-HWR/GCE showed a
little semicircle (curve b), resulting from perfect conductivity of Ce(IIl,
IV)-MOF@Ru. After Ab; was coated on the electrode (curve c), the
semicircle increased, which was based on an impediment for electron
transfer. Then, with the sequent decoration of BSA and HER2 (curve
d and e), the resistance enlarged, successively. Finally, the resistance
further increased by the decoration of CutO@PDA@AuUNPs- HWR-Aby
bioconjugates (curve f), which demonstrated the perfect fabrication of
immunosensor. In addition, as exhibited in the Fig. 4B, the CV was also
an electrochemical manner for testing the fabricated procedure of
immunosensor. The obtained less and less peak value along with
enhanced peak potential separation was observed after successive
decoration onto the electrode, indicating the hindrance for the transfer
of electron and best modification of the proposed immunosensor.
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CuO@PDA@AuNPs-HWR-Ab,/HER2/BSA/Ab,/Ce(Ill, IV)-MOF@Ru-HWR/GCE.

3.4. Optimization of the experimental conditions

The appropriate circumstance of pH was vital to the proposed
immunosensor. After studying the compatibility of obtained immuno-
sensor to various pH value from 6.0 to 8.5, the neutral circumstances
(pH 7.4) was selected for subsequent research as displayed in the
Fig. SIA. TPrA has been acted as a coreactant for Ce(IIl, IV)-MOF@Ru
and the content of TPrA was optimized as shown in Fig. S1B. It was
discovered that the signal acquired the best result when the TPrA con-
tent was 10 mmol/L. Furthermore, the ECL response enhanced when the
content of Ce(III, IV)-MOF@Ru was below 1.0 mg/mL, and then reduced
when the content exceeded 1 mg/mL (Fig. S1C). Hence, 1 mg/mL of Ce
(111, IV)-MOF@Ru was applied in the ECL system. The reaction time for
Abs bioconjugates was displayed in Fig. S1D, and this consequence
demonstrated the best time of 60 min. The reaction time for Ab, bio-
conjugates was less compared to other ways, which was based on site-
oriented modification of antibodies through HWR.
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3.5. Analytical performance of the ECL signal-off strategy in HER2
determination

With the purpose of estimating the analytical property of the fabri-
cated biosensing strategy, ECL signals of this immunosensor towards
different HER2 contents were achieved upon the optimal status. As
displayed in the Fig. 5 A, the ECL signal diminished sequentially while
the content of HER2 improved from 0.2 fg/mL to 10 ng/mL. Further-
more, the Fig. 5B revealed the relevant linear relationship of ECL signal
and the logarithm of HER2 content (Ig c) along with linear equation of Y
= —1520.9 1g ¢ + 8474.0 and relevant correlation coefficient of 0.998.
Then, the limit of detection (LOD) of constructed immunosensor was
0.067 fg/mL, exhibiting better sensitivity than other prevenient re-
searches (Table S1).
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Fig. 5. (A) ECL response-time profiles and (B) relevant calibration curve for this immunosensor to diverse contents of HER2 (from 0.2 fg/mL to 10 ng/mL) inside
0.1 mol/L PBS (pH 7.4) containing 10 mmol/L TPrA. (C) reproducibility of proposed immunosensor to HER2. (D) selectivity of proposed immunosensor to 2 ng/mL

HER2 and 200 ng/mL other interferences. Error bars = SD (n = 3).
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3.6. Reproducibility, selectivity and stability of the constructed
immunosensor

With the aim of evaluating reproducibility, seven prepared elec-
trodes were firstly measured to indicate the perfect reproducibility with
the obtained relative standard deviation (RSD) of 1.6 % (Fig. 5 C). As
displayed in Fig. 5D, carcinoembryonic antigen (CEA), a-fetoprotein
(AFP), carcinoma antigen 125 (CA125) and prostate specific antigen
(PSA) have been selected as interfering materials, and the mixture
included above proteins and HER2. The interfering proteins were with
the content 100-folds of the HER2. All results indicated that although
the concentrations of interfering materials were 100 times higher than
the target analyte, the proposed immunoassay model could accurately
distinguish and detect the target analyte, which demonstrated the per-
fect selectivity of the recommended immunoassay strategy. Meanwhile,
the stability was tested through reserving the achieved immunosensor
for two weeks, which displayed the ECL intensity of 92 % the primary
intensity, certifying the favorable stability.

3.7. Analysis of HER2 in human serum samples

The approval of constructed ECL immunosensor was further testified
through measuring the consequences for ECL immunoassay to HER2
detection in the serum samples. Next, the standard addition method was
utilized for achieving relevant determination. The obtained results have
been revealed in Table S2, which displayed the results of RSD from
2.24 % to 3.31 %, and the recovery from 98.1 % to 102.4 %, indicating
well performance for the proposed method in the clinical application.

4. Conclusion

In brief, the study prepared a self-enhanced emitter with Ce(III, IV)-
MOF efficiently immobilized with Ru(bpy)%+ to achieve Ce(IIl, IV)-
MOF@Ru, and CuO@PDA@AUNPs as the perfect quencher in this ECL
immunosensor for ultrasensitive determination of HER2. By virtue of its
high coreaction accelerated activity, the Ce(Ill, IV)-MOF has the ca-
pacity to stimulate TPrA and generate a substantial quantity of radicals,
leading to a robust and consistent ECL signal. Meanwhile, the obtained
CuO@PDA@AUNPs could effectively quench the ECL response of Ce(Ill,
IV)-MOF@Ru, attributing to the partial spectra overlap between Ce(III,
IV)-MOF@Ru and CutO@PDA@AuNPs for triggering the ECL-RET phe-
nomenon. Additionally, the surface of CuO@PDA@AuUNPs contained
massive functional groups, inhibiting the ECL response. Consequently,
the multiple quenching of CuUO@PDA@AuNPs for the ECL response was
obtained, which efficiently promoted sensitivity of immunosensor.
Significantly, this work offers novel concepts through utilizing Ce(IlI,
IV)-MOF for both encapsulant and coreaction accelerator in biosensors.
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