
Sensors & Actuators: B. Chemical 377 (2023) 133101

Available online 2 December 2022
0925-4005/© 2022 Elsevier B.V. All rights reserved.

Dual-strategy ECL biosensor based on rare Eu(II,III)-MOF as probe with 
antenna effect and sensitization for CYFRA 21-1 trace analysis 

Lu Zhao a, Beibei Wang a, Chao Wang b, Dawei Fan a, Xuejing Liu a, Qin Wei a, Huangxian Ju a, 
Dan Wu a,* 

a Collaborative Innovation Centre for Green Chemical Manufacturing and Accurate Detection, School of Chemistry and Chemical Engineering, University of Jinan, Jinan 
250022, Shandong, China 
b Department of Rehabilitation, Shandong Provincial Hospital Affiliated to Shandong First Medical University, Jinan 250021, Shandong, China   

A R T I C L E  I N F O   

Keywords: 
Mixed-valence Eu-MOF 
Antenna effect 
Sensitization 
CYFRA 21-1 
Electrochemiluminescence biosensor 

A B S T R A C T   

The choices of luminophore and coreactant accelerator are crucial in a constructed electrochemiluminescence 
(ECL) biosensor. In this work, a mixed-valence Eu-MOF (Sr(HCOO)2:Eu2+/Eu3+) as luminophore was synthesized 
based on the precursor of eight-coordinated Sr(HCOO)2 with P41212 space group and tetragonal crystal structure. 
The doped Eu3+ was in-situ reduced to Eu2+ by efficient reductant combined with ligand 2-aminoterephthalic 
acid and solvent thermal decomposition product dimethylamine, then the Eu2+ substitutively coordinated Sr 
(HCOO)2 due to the same ion radius and coordination environment between Eu2+ and Sr2+. Through UV–vis, 
fluorescence spectra and density functional theory (DFT) calculations, the specific luminescence mechanisms of 
Sr(HCOO)2:Eu2+/Eu3+ with the antenna effect and sensitization were verified. Thanks to the strongest catalysis 
of Ag to K2S2O8 and the high active sites, the AgCl rice roll-shaped nanoclusters (AgCl RRNCs) as coreactant 
accelerator encouraged the production of more SO4

•− . Thereout, the constructed ECL biosensor showed high 
performance in trace detection of cytokeratin 19 fragment 21-1 (CYFRA 21-1) with low limit of detection (2.73 
fg/mL) and wide detection range (5 fg/mL ~ 100 ng/mL), which met the requirement for diagnosis and post
operative monitoring non-small-cell lung cancer in clinical treatment completely. These strategies also provided 
feasible ideas for efficient and stable other biosensors except ECL.   

1. Introduction 

Electrochemiluminescence (ECL) immunoassay offers a convenient 
way to quantitative determination for tumor markers in vivo accurately 
and sensitively and thus has been played an essential role in funda
mental biological research and clinical diagnosis thanks to its low 
background, wide dynamic ranges and plain operation [1–4]. Nowa
days, lanthanide metal-organic frameworks (Ln-MOFs) are a kind of 
ideal materials as ECL probes with merits of long luminescent lifetimes, 
strong antenna effect, ultrahigh surface area and active sites [5–8]. 
Among them, Eu-MOFs have possessed massive attention by virtue of 
their excellent luminescence characteristics. The europium ion among 
Eu-MOFs is usually presented as trivalent [9], but the mixed-valence 
Eu-MOFs (+2, +3) possess greater ECL luminescence performance, 
which is resulted from the superimposed effect or sensitization by 
different energy level structures corresponding to f-f transition of Eu3+

and f-d transition of Eu2+ [7]. The similar ion radius and configuration 

of extra-nuclear electron between Eu3+ and Eu2+ make sensitization of 
Eu2+ to Eu3+ easier by energy transfer from the higher energy level of 
Eu2+ to Eu3+ [7,10], which contributes to the higher ECL efficiency of 
the mixed-valence Eu-MOFs. 

Nevertheless, the eminent bottleneck remain in the highly oxidiz
ability of Eu2+ the resulting difficulties in preparation between the 
mixed-valence Eu-MOFs [9,11,12]. The common way of doping Eu2+ is 
to use sodium borohydride as a strong reducing agent or create a 
reducing atmosphere with the help of nitrogen and argon [11,12]. These 
means make the operating conditions harsh, dangerous and costly. A 
reported strategy is that Sr2+ and Eu2+ with the same ion radius can 
provide coordination sites with each other, which can realize the sub
stitution coordination of Eu2+ to Sr2+ in Sr-MOF after the simple 
transformation from Eu3+ to Eu2+ using reductive organic substances as 
ligands and reaction solvents respectively [13]. This tactic provided us 
with an idea of simple synthesis of mixed-valence MOF under mild 
conditions. 
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Based on the sensitization of Eu2+ to Eu3+, the Eu3+ in mixed-valence 
Eu-MOFs as dominating ECL center can emit strong signals in the cor
eactant medium of K2S2O8. To further improve the ECL performance of 
the system, a feasible method is to catalyze the decomposition of K2S2O8 
into SO4

•- [6,7]. Ag(I) is superior to other metal catalysts (such as Co2+, 
Ce3+, Ni2+) for K2S2O8 activation [14], and Ag-based materials are a 
kind of good biological fixative via Ag-amino coordination bond [9], 
therefore Ag(I)-based catalysts are appropriate for the construction of 
ECL immunosensor particularly. In addition, compared with single 
structure, complicated structure catalysts (like core-shell and hollow 
structure) have ample catalytic active sites, high specific surface area 
and enhanced volume controllability [15,16]. These indicate that the Ag 
(I)-based catalysts with core-shell structure can be considered to play a 
significant role in enhancing the performance of ECL sensors. 

In this work, an ultrasensitive ECL biosensor, constituted by a mixed- 
valence Eu-MOF (Sr(HCOO)2:Eu2+/Eu3+) as ECL luminophore and a rice 
roll-shaped nanoclusters of AgCl nanoparticles (AgCl RRNCs) as cor
eactant accelerator, was firstly constructed to fulfill the trace detection 
of cytokeratin 19 fragment 21-1 (CYFRA 21-1). CYFRA 21-1 is a frag
ment of cytokeratins19, and it can be can be considered as a represen
tative biomarker for squamous cell carcinomas detection to achieve the 
diagnosis of lung cancer [17]. Here, the synthesis of Sr(HCOO)2: 
Eu2+/Eu3+ was depended on the precursor of eight-coordinated Sr 
(HCOO)2 with P41212 space group and tetragonal crystal structure. The 
doped Eu3+ was in-situ reduced to Eu2+ by ligand 2-aminoterephthalic 

acid and solvent thermal decomposition product dimethylamine subse
quently, then the Eu2+ substitutively coordinated Sr(HCOO)2 due to the 
same ion radius and coordination environment. Powered by the special 
structure, the Sr(HCOO)2:Eu2+/Eu3+ possessed the antenna effect and 
the sensitization, which endowing the Sr(HCOO)2:Eu2+/Eu3+ with 
efficient luminescence. In addition, the AgCl RRNCs provided abundant 
sites for immobilization of antibody and catalysis of K2S2O8, thus 
enhancing the sensitivity of the biosensor further. Based on these, the 
ECL biosensor had low limit of detection (LOD) with 2.73 fg/mL for the 
detection of CYFRA 21-1. The ultrasensitive analysis of CYFRA 21-1 can 
provide a way to early diagnose and postoperatively monitor 
non-small-cell lung cancer in clinical treatment, especially squamous 
cell cancer [18,19]. 

2. Experimental section 

2.1. Preparation of the Sr(HCOO)2:Eu2+/Eu3+

Sr(HCOO)2:Eu2+/Eu3+ was synthesized according to the literature 
with some modifications [13], and the synthetic process was shown in  
Fig. 1 A. 0.1 mmol of 1,3,5-benzenetricarboxylic acid, 0.1 mmol of 
2-aminoterephthalic acid, 0.8 mmol of SrCl2⋅6 H2O and 0.1 mmol of Eu 
(NO3)3⋅6 H2O were dissolved in 5 mL of DMF. Next, 100 μL of 45% 
hydroiodic acid solution and 300 μL of ethanol were appended into the 
above mixture, and the mixed solution was reacted for 2 days at 120 ◦C 

Fig. 1. (A) The synthesis route of Sr(HCOO)2:Eu2+/Eu3+. (B) XRD pattern and (C) FT-IR spectrum of as-synthesized Sr(HCOO)2:Eu2+/Eu3+. XPS spectra in the (D) Sr 
3d, (E) Eu 3d and (F) O 1 s regions for Sr(HCOO)2:Eu2+/Eu3+. (G) SEM images of Sr(HCOO)2:Eu2+/Eu3+. 
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in an oil bath. The off-white powders were gained after washing and 
centrifugation three times via DMF and ethanol. 

2.2. Preparation of the AgCl RRNCs 

AgCl RRNCs were synthesized according to the literature with some 
modifications [20,21]. 54 mg of PVP (Mw: 55,000) and 45 mg of NaCl 
were added to 12 mL of heated ethylene glycol at 60 ◦C for 30 min. After 
dissolving, the 57 mg/mL of AgNO3/ethylene glycol solution was added 
into the above solution and then heated at 60 ◦C for 30 min. The mixture 
was heated to 150 ◦C for 4 h. The reaction was shielded from light. The 
product was gained after washing and centrifugation three times via 
H2O. 

2.3. Construction procedures of the biosensor 

The embellishment steps of electrode were displayed in Scheme 1. 
Firstly, 8 μL AgCl solution was fallen on the smoothed glassy carbon 
electrode (GCE). Then, 8 μL Ab1 solution (100 μg/mL) was dropped on 
the AgCl stratum via Ag-NH2 bonding. Next, 5 μL of bovine serum al
bumins (BSA) and 5 μL of different concentrations of antigen were 
dripped. Then the electrode was dried at 4 ◦C and washed with water to 
remove the unbonded parts upon dripping 5 μL of Ab2 @Sr(HCOO)2: 
Eu2+/Eu3+ onto electrode. Finally, the constructed ECL biosensor was 
kept at 4 ◦C. 

2.4. ECL detection of CYFRA 21-1 

The ECL behavior was monitored over the optimized experiment 
conditions. The scan range was − 1.8–0 V. The concentrations of 
K2S2O8, Sr(HCOO)2:Eu2+/Eu3+ and AgCl RRNCs were 80 mM, 6 mg/mL 
and 6 mg/mL. The pH value of phosphate buffered saline (PBS) was 7.4. 
The ECL tests were carried out at a photomultiplier tube voltage of 
800 V and a scanning rate of 100 mV/s. 

3. Result and discussion 

3.1. Characterizations of Sr(HCOO)2:Eu2+/Eu3+

The crystallographic structure of as-prepared Sr(HCOO)2:Eu2+/Eu3+

was determined by means of Xray diffraction (XRD) analysis (Fig. 1B). 
The diffraction peaks at 15.72◦, 22.00◦, 24.78◦, 25.80◦, 25.81◦, 31.16◦, 
36.30◦ and 39.11◦ can correspond to the simulated peaks, which 

demonstrated the successful synthesis of the Sr(HCOO)2:Eu2+/Eu3+

[13]. Fig. 1 C showed the FTIR spectrum of Sr(HCOO)2: Eu2+/ Eu3+, 
from which the structural characters and functional groups of it can be 
verified. The appearance of free -NH2 groups in 2-aminoterephthalic 
acid ligand can be said by the vibration of the N-H bending mode at 
771 cm− 1 and the symmetric and asymmetric stretching of free -NH2 at 
3443 and 3242 cm− 1 [22]. The characteristic bands at 1108, 708 and 
552 cm− 1 were corresponding to benzene rings [7]. The strong peaks at 
1649, 1562 and 1435 cm− 1 were ascribed to the asymmetric and sym
metric stretching vibrations of the carboxylic groups, meanwhile the 
partial carboxyl that deprotonated and coordinated with Eu3+ were 
confirmed via the asymmetric stretching vibration vas(COO-) 
(1602 cm− 1) and the symmetric stretching vibration vs(COO-) 
(1375 cm− 1) [8,23]. The complete chemical compositions of Sr 
(HCOO)2:Eu2+/Eu3+ were revealed by the X-ray photoelectron spec
troscopy (XPS) survey spectrum in Fig. S1. As can be seen in Fig. 1D, the 
high-resolution spectrum of Sr 3d was divided into two parts, in which 
the 3d5/2 orbit was the binding energies at 130.4 and 132.3 eV and the 
3d3/2 orbit was the binding energy at 134.3 eV. The peaks at 132.3 eV 
and 134.3 eV were assigned to SrO, and the peak at 130.4 eV was 
attributed to the Sr from MOF lattice [24,25]. In Fig. 1E, the high res
olution XPS spectrum of Eu 3d showed two valence states. The peaks of 
Eu2+ located at 1121.4 and 1151.2 eV respectively, which can be 
assigned to the 3d5/2 and 3d3/2. The peaks of Eu3+ located at 1131.2 and 
1161.3 eV respectively, which can be assigned to the 3d5/2 and 3d3/2 
[6]. In the high-resolution spectrum of O 1 s (Fig. 1 F), the two peaks, 
one belonged to Eu-O bonding (529.0 eV) and the other to Sr-O bonding 
(530.6 eV), indicating the substitution coordination of Eu in Sr-MOF [8, 
26]. The morphology of the as-prepared Sr(HCOO)2:Eu2+/Eu3+ was 
presented cuboid nanorods with a uniform width of 500 nm in Fig. 1 G. 
The energy-dispersive spectrometry (EDS) results indicated the exis
tence and uniform distribution of Eu, O, Sr elements (Fig. S2). 

3.2. Characterizations of AgCl RRNCs 

As can be seen from Fig. 2 A, the XRD patterns confirmed the 
ingredient of AgCl RRNCs in the as-prepared coreactant accelerator. The 
different peaks at 27.8◦, 32.2◦, 46.2◦, 54.8◦, 57.5◦, 67.5◦, 74.5◦ and 
76.7◦ were matched to the crystallographic planes of (111), (200), 
(220), (311), (222), (400), (331) and (420), which can correspond to the 
simulated pattern of AgCl (JCPDs 31-1328). The XPS survey spectrum of 
AgCl RRNCs was shown in Fig. S3. In the high-resolution Ag 3d spectrum 
(Fig. 2B), the two energy levels severally split into two peaks, the 
binding energies at 367.2 and 368.6 eV were assigned to Ag 3d5/2 of 
AgCl and elemental Ag, the binding energies at 373.1 and 374.2 eV were 
assigned to Ag 3d3/2 of AgCl and elemental Ag. From the XPS results of 
Cl 2p spectrum (Fig. 2 C), the high peaks at 195.0 and 196.5 eV were 
matched with Cl 2p3/2 and 2p1/2, respectively [27]. The SEM and TEM 
images were observed that the as-prepared AgCl depicted 70 nm uni
form nanoparticles, the AgCl NPs agglomerated into a rice roll-shaped 
clusters morphology with about 650 nm diameter (Fig. 2D-F). The 
energy-dispersive X-ray spectroscopy (EDS) and mapping results clearly 
revealed that both the Cl and Ag elements distributed on AgCl RRNCs 
uniformly (Fig. S4). 

3.3. The luminescence mechanism of Sr(HCOO)2:Eu2+/Eu3+

Two important components make up the luminous mechanism of Sr 
(HCOO)2:Eu2+/Eu3+: the antenna effect and the sensitization. Firstly, 
the UV–vis absorption spectrum of Sr(HCOO)2:Eu2+/Eu3+ was observed 
characteristic peaks of Eu2+ at 264 and 318 nm, which were attributed 
to 4f7 → 4f65d1 transition (Fig. 3 A) [28]. Then in the fluorescence 
spectra of Sr(HCOO)2:Eu2+/Eu3+, the found excitation peak at 354 nm 
belonged to the 4f7 → 4f65d1 transition of Eu2+ [6]. The emission 
spectrum showed a broad band of Eu2+ and two sharp bands of Eu3+. To 
be more specific, the broad band can be divided into two peaks centered 

Scheme 1. The construction procedures and enhancement mechanism of the 
ECL biosensor. 
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at 419.2 and 451.1 nm, which were assigned to 4f7 → 4f7 and 4f65d1 → 
4f7 transition of Eu2+ respectively [13,29]. The peaks at 618 and 684 nm 
belonged to the 5D0-7F2 and 5D0-7F4 transitions of Eu3+ (Fig. 3B-C) [6]. 
Given that these results, the luminescence mechanism was regarded as 
the co-luminescence of Eu2+ and Eu3+, and the luminescence of Eu3+

was arised from the sensitization of Eu2+ (Fig. 3H). Moreover, the an
tenna effect was testified by testing the excitation spectrum under 
emission wavelength of 451.1 nm. In Fig. 3D, the excitation peak at 
225 nm was assigned to the π − π * transitions of the ligand, which 
demonstrated the energy transfer from ligand to Eu2+. The Fig. 3 G 
displayed the simple models of the antenna effect and the sensitization 
based on the density functional theory (DFT) calculations. In the an
tenna effect, the ligand 1,3,5-benzenetricarboxylic acid and 2-aminoter
ephthalic acid transferred energy from triplet first excited state (T1, 21, 
509.1 cm− 1 and 16,372.0 cm− 1 respectively) to proper 4f7 configuration 
level of Eu2+ by nonradiative energy transmission after exciting to their 
singlet state (S1) from ground state (S0) with excitation energy of 26, 
052.6 and 24,786.3 cm− 1 respectively. Subsequently, Eu2+ emitted 
fluorescence and backed to its ground state of 8S7/2. In the terms of the 
fluorescence spectrum, the occurrence of antenna effect were speculated 
to prior to sensitization in achieving Sr(HCOO)2:Eu2+/Eu3+ efficient 
luminescence by transferring the energy from the 4f65d1 level of Eu2+ to 
the 5D0 level of Eu3+. 

3.4. The ECL mechanism of the established biosensor 

The research of the ECL mechanism of Sr(HCOO)2:Eu2+/Eu3+ inte
grated by CV and ECL spectrum. Firstly, the CV measurements of Sr 
(HCOO)2:Eu2+/Eu3+ in PBS contained 80 mM K2S2O8 and in MeCN 
containing 0.1 M tetra-n-butylammonium perchlorate were carried out. 
From Fig. 3E, the reduction peak of Sr(HCOO)2:Eu2+/Eu3+ was observed 
at − 1.12 V, the similar reduction peak of Sr(HCOO)2:Eu2+/Eu3+ existed 
in the K2S2O8 environment with the new reduction peak of S2O8

2-→SO4
•−

at about − 1.72 V, and no oxidation peak was detected in measure
ments, which indicated that the electrons only injected into the lowest 
unoccupied molecular orbital (LUMO) of Sr(HCOO)2:Eu2+/Eu3+ to form 
Sr(HCOO)2:Eu2+/Eu3+•− [9], and confirmed the leading ECL center of 
Eu3+. The ECL enhancement mechanism was verified by the research for 
catalyzed object of AgCl RRNCs. As can be seen in Fig. 3 F and S6, the 
ECL signal was improved under the effect of AgCl RRNCs in the K2S2O8 

environment compared with the biosensor of only Sr(HCOO)2: 
Eu2+/Eu3+. When tested in pure PBS, the ECL signals were very low, and 
the biosensor with AgCl RRNCs enhanced faintly compared with the 
biosensor of only Sr(HCOO)2:Eu2+/Eu3+. These proved the single 
catalysis of AgCl RRNCs on K2S2O8 rather than Sr(HCOO)2:Eu2+/Eu3+. 
The electron paramagnetic resonance experiment with DMPO as a 
radical scavenger was used to explore the production of anion sulfate 
radical SO4

•− from K2S2O8 solution after catalysis of AgCl RRNCs. As 
shown in Fig. S5, when there was no catalyst in the system, the faint free 
radical peaks of OH• were observed due to the decomposition of H2O. 
When AgCl RRNCs was added into the system, obvious DMPO-OH• (the 
typical 1:2:2:1 peaks) and DMPO-SO4

•− peaks were captured [30], which 
illustrated that the catalyst can catalyze K2S2O8 to generate OH• and 
SO4

•− simultaneously. Based on these, the ECL mechanism of Sr(HCOO)2: 
Eu2+/Eu3+ leaning on K2S2O8 was speculated, and the related ECL 
mechanism was exhibited in the Fig. 3I and Eq. (1–7) [7,14]: 

Path 1.  

S2O8
2- + e- → SO4

2- + SO4
•− (1) 

Path 2.  

Ag+ + S2O8
2- → Ag2+ + SO4

2- + SO4
•− (more)                                     (2)  

SO4
•− + H2O → SO4

2- + OH• + H+ (3)  

OH• + S2O8
2- → O2 + HSO4

− + SO4
•− (more)                                      (4) 

Path 3.  

Sr(HCOO)2:Eu2+/Eu3+ + e- → Sr(HCOO)2:Eu2+/Eu3+ •− (5)  

Sr(HCOO)2:Eu2+/Eu3+ •− + SO4
•− → Sr(HCOO)2:Eu2+/Eu3+* + SO4

2-    (6)  

Sr(HCOO)2:Eu2+/Eu3+* → Sr(HCOO)2:Eu2+/Eu3+ + hv                       (7)  

3.5. Application of ECL sensor for CYFRA 21-1 detection 

In terms of the ECL property for the proposed immunosensor, uti
lizing CV and EIS measurements to identify the successful construction 
of sensor is primary (Fig. S7). Then the working conditions of the ECL 

Fig. 2. (A) XRD patterns of as-synthesized AgCl RRNCs and simulated AgCl. XPS spectra in the (B) Ag 3d and (C) Cl 2p regions of AgCl RRNCs. (D-E) TEM images and 
(F) SEM image of AgCl RRNCs. 
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Fig. 3. (A) UV–vis spectrum of Sr(HCOO)2:Eu2+/Eu3+. (B) Fluorescence spectra of Sr(HCOO)2:Eu2+/Eu3+. (C) Fluorescence emission spectra of 4f7 → 4f7 and 4f65d1 

→ 4f7 transition of Eu2+ excited at 354 nm. (D) Fluorescence excitation spectrum of Sr(HCOO)2:Eu2+/Eu3+ under the emission peak at 451.1 nm of Eu2+. (E) The CV 
curves of Sr(HCOO)2:Eu2+/Eu3+ with and without K2S2O8. (F) ECL-potential curves of diverse assembled electrodes with and without AgCl RRNCs in PBS contained 
K2S2O8 or bare PBS. (G-H) Simple models for the antenna effect of ligand to Eu2+ and the sensitization of Eu2+ to Eu3+. (I) The ECL mechanism of the established 
biosensor in K2S2O8. 
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sensor need to be optimized, such as pH, the concentrations of cor
eactant, catalyst and luminophore (Fig. S8). Importantly, the working 
curves were tested to quantitative detect for CYFRA 21-1. As shown in 
the Fig. 4A-B, the ECL signals increased regularly as the concentration of 
CYFRA 21-1 antigen increased from 5 fg/mL to 100 ng/mL with the 
linear equation of I = 1502.45 lg c + 5995.65 (R2 = 0.995). The ac
quired LOD was 2.73 fg/mL and lower than the published detection 
methods for CYFRA 21-1 (Table S1). Furthermore, evaluating the 
selectivity, reproducibility and stability of the proposed ECL sensor was 
fundamental for analytical sensing applications. Firstly, the stability was 
verified under random concentrations between 5 fg/mL~100 ng/mL. 
From Fig. 4 C, the ECL signals of the proposed biosensor with different 
CYFRA 21-1 concentrations in a period of test time can keep stabiliza
tion, which indicated the good stability of the proposed ECL biosensor. 
Secondly, fine distinction lied in seven electrodes with uniform sensor, 
the relative standard deviation (RSD) was 3.0%, indicating the excellent 
reproducibility of the constructed ECL sensor (Fig. S9). Finally, the 
acceptable selectivity was embodied in Fig. 4D, in which the low ECL 
signals were reacted in interferents (1 μg/mL) and strong ECL signals 
were reacted in CYFRA 21-1 (100 ng/mL) and mixture (CYFRA 21-1 of 
100 ng/mL + interferents of 1 μg/mL). To sum up, the proposed ECL 
biosensor with Sr(HCOO)2:Eu2+/Eu3+ and AgCl RRNCs had good ECL 
performances for efficient detection. 

In terms of the practicability for the proposed ECL biosensor, the real 
samples analysis for human serum is particularly important. We ob
tained three human serum samples and took the average of the three 
tests as the initial concentration. Prior to measurement, the samples 
were centrifugated to obtain the supernatant (9000 rpm, 2 times). 
Subsequently calculating the recovery rates and RSD values were pro
ceeded after the standard addition method. The suitable recovery rates 
and RSD values were in the range of 96.7-102% and 1.4–3.5% respec
tively (Table S2). which verified good accuracy and precision of the 
established ECL biosensor. Given that the good accuracy and precision, 
the assembled ECL biosensor met the need of trace detection of CYFRA 
21-1 in the clinical diagnosis of non-small-cell lung cancer absolutely. 

4. Conclusion 

In this work, the efficient ECL biosensor was successfully constructed 
to ultrasensitive analysis for CYFRA 21-1, in which Sr(HCOO)2:Eu2+/ 
Eu3+ with the strong characteristic fluorescence was utilized as lumi
nophore and AgCl RRNCs was used as coreactant accelerator. The Sr 
(HCOO)2:Eu2+/Eu3+ was synthesized by substitutional coordination 
strategy. By means of UV–vis, fluorescence spectra and DFT calculation, 
it is proved that the mechanism of Sr(HCOO)2:Eu2+/Eu3+ luminescence 
is first antenna effect of ligand and then sensitization of Eu2+, finally 
Eu2+ and Eu3+ luminesced jointly and efficiently. Moreover, the AgCl 
RRNCs with abundant active sites had good catalytic performance for 
S2O8

2-, which further enhanced the ECL signals. Thereout, the con
structed ECL biosensor presented a wonderful accuracy and precision 
with low LOD of 2.73 fg/mL and good recovery rate of 96.7–102%. This 
method will provide a considerable mind to constructed sensor device to 
realize efficient trace monitoring of non-small-cell lung cancer in clinical 
diagnose and treatment. 
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Fig. 4. (A) ECL intensity-time curves and (B) 
the corresponding linear equation of the con
structed ECL biosensor for CYFRA 21-1 detec
tion under a wide concentration range of 5 fg/ 
mL~100 ng/mL. (C) Stability test of the 
assembled ECL biosensor under different 
CYFRA 21-1 concentrations in the same test 
condition. (D) Selectivity tests under various 
interferences (1 μg/mL) of glycine (Gly), amy
loid-β (Aβ), human serum albumin (HSA), 
prostate-specific antigen (PSA), glucose (Glu), 
Alanine (Ala), arcinoembryonic antigen (CEA), 
bovine serum albumin (BSA), alpha-fetoprotein 
(AFP) and 100 ng/mL of CYFRA21-1. Error bars 
= SD, (n = 3). All experiments were carried out 
under optimal conditions.   
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