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 Sandwiched Electrochemiluminescent Peptide Biosensor 
for the Detection of Prognostic Indicator in Early-Stage 
Cancer Based on Hollow, Magnetic, and Self-Enhanced 
Nanosheets 
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for protein analysis, for instance, the requirement of pro-

ducing high-quality antibodies, low capacity for multiplexed 

analyte detection, the diffi culty in site-specifi c bioconjugation 

and maintaining the initial activity. [ 3–5 ]  Furthermore, signal 

amplifi ers usually require multiple steps for preparation 

when an antibody-based biosensor is fabricated because anti-

bodies have multiple domains and complicated glycosylation 

patterns. In this occasion, more and more interests are gradu-

ally focused on new methods for protein assay. Peptides, 

with simple and defi ned structure, exhibit specifi c and strong 

affi nity for many molecular partners, including proteins, cells, 

nucleic acid, and small molecules. [ 6,7 ]  Moreover, peptides pos-

sess a great many advantages, including simplicity, versatility, 

accessibility, chemical defi nition, cost effectiveness, etc. [ 8,9 ]  

Herein, peptide-based molecule recognition is becoming an DOI: 10.1002/smll.201500321

 Currently, peptide-based protein-recognition has been recognized as an effective and 
promising approach for protein assays. However, sandwiched peptide-based biosensor 
with high sensitivity and low background has not been proposed before. Herein, a 
sandwiched electrochemiluminescence (ECL) peptide-based biosensor is constructed 
for Cyclin A 2  (CA2), a prognostic indicator in early stage of multiple cancers, based 
on nanosheets with hollow, magnetic, and ECL self-enhanced properties. First, 
hollow and magnetic manganese oxide nanocrystals (H-Mn 3 O 4 ) are synthesized 
using triblock copolymeric micelles with core–shell–corona architecture as templates. 
Then, polyethyleneimine (PEI) and the composite of platinum nanoparticles and tris 
(4,4′-dicarboxylicacid-2,2′-bipyridyl) ruthenium (II) (PtNPs–Ru) are immobilized 
on H-Mn 3 O 4  to form H-Mn 3 O 4 –PEI–PtNPs–Ru nanocomposite, in which PEI as 
coreactant can effectively enhance the luminous effi ciency and PtNPs as nanochannels 
can greatly accelerate the electron transfer. Finally, due to the coordination between 
Eu 3+  and carboxyl, the obtained H-Mn 3 O 4 –PEI–PtNPs–Ru aggregates locally to 
form sheet-like nanostructures ((H-Mn 3 O 4 –PEI–PtNPs–Ru)  n  –Eu 3+ ), by which the 
luminous effi ciency is further increased. Based on the nanosheets and two designed 
peptides, a sandwiched ECL biosensor, using palladium nanocages synthesized 
through galvanic replacement reaction as substrate, is proposed for CA2 with a linear 
range from 0.001 to 100 ng mL −1  and a detection limit of 0.3 pg mL −1 . 
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  1.     Introduction 

 Up to now, antibody-based protein-recognition is a common 

approach in the quantitative immunological assay for target 

proteins. [ 1,2 ]  Nevertheless, this technique has some drawbacks 
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important and promising candidate for biological analysis. [ 10 ]  

However, most of the existing peptide-based biosensors are 

constructed with label-free model which have limitation in 

the sensitivity. As a classic and effective form in the fabrica-

tion of sensor, sandwich-tape biosensor has advantages in 

low background signal, easy labeling, and high detection sen-

sitivity. [ 11 ]  Therefore, exploring the peptide-based biosensor 

with sandwiched recognition and “signal-on” model is very 

necessary. 

 Cyclins are key proteins during the cell cycle, whose over-

expression will lead to cancerization of cell accompany with 

uncontrolled cell division and proliferation. Cyclin A 2  (CA2), 

a globular protein, is an important member of the super 

cyclin family. Through the association of cyclin-dependent 

kinases (CDK), CA2 participates in DNA replication, tran-

scription, and regulates cell cycle. [ 12,13 ]  It has been reported 

that CA2 over expresses in many types of cancers including 

liver cancer, breast cancer, lung cancer, lymphoma, leu-

kemia, etc. [ 14,15 ]  Thusness, CA2 can be served as a prognostic 

indicator in early-stage cancer and a promising anticancer 

target for the development of tumor therapeutic agents. [ 16 ]  

Therefore, developing a simple, sensitive, selective analytical 

method for CA2 is signifi cant for clinical diagnosis and treat-

ment of cancer in the early stage. Due to the cyclin binding 

groove (CBG) (the amino acid subsequences of (210, 211, 

372, 217, 218, 220, 221, 243, 253, 254)), CA2 can be specifi -

cally recognized by the well-known peptide with consensus 

sequence of Arg/Lys–Xaa–Leu where Xaa is any amino 

acid. [ 17,18 ]  Furthermore, according to the GenBank, CA2 has 

binding sites at the amino acid subsequences of (361, 365, 

372, 387, 390, 391). Accordingly, two peptides for selective 

recognition of CA2 are designed to construct a sandwiched 

“signal-on” biosensor. To our best knowledge, little research 

about this area has been reported. 

 As a sensitive technique, electrochemiluminescence 

(ECL) has attracted considerable attention due to its inte-

grated advantages of electrochemistry and chemilumines-

cence. [ 19–21 ]  Currently, ECL has been applied in many areas, 

for instance, immunoassay, DNA detection, pharmaceutical 

analysis, clinical diagnosis, environmental analysis, etc. [ 22–24 ]  In 

those applications, the key aspect in the construction of ECL-

based biosensors is how to accomplish the signal amplifi ca-

tion. Introducing the coreactants into ECL system is a usually 

used method. [ 25,26 ]  However, different introducing ways will 

receive different amplifi ed effect. For example, owing to their 

biological toxicity and volatile nature, some coreactants that 

are directly put into the detection solution will sophisticate 

the operation, increase the measurement error and the used 

amount of reagent. [ 27 ]  Furthermore, the relaxation effect 

while the coreactants diffuse to the electrode surface is usu-

ally accompanied with loss of energy, which will lead to the 

decrease of luminous effi ciency. Thus, we focus on how to 

enhance the reacted effi ciency between the luminescent rea-

gent and corresponding coreactants in the further research. 

In this work, self-enhanced nanostructures that included the 

luminophore and the corresponding coreactant in the same 

complex were synthetized. Furthermore, platinum nanoparti-

cles (PtNPs), with excellent conductivity and biological com-

patibility, are used as nanochannels between the luminescent 

reagent and corresponding coreactant, by which the electron 

transfer rate is accelerated, and the luminous stability and 

effi ciency are enhanced. 

 Because of their excellent properties, nanomaterials 

are widely applied in the bioanalysis based on ECL. [ 28–30 ]  

And increasing interest has been focused on hollow nano-

structures owing to their relatively lower densities, larger 

specifi c surface areas, better mechanical and thermal stabili-

ties. [ 31–33 ]  Using sacrifi cial templates to prepare such hollow 

nanostructures has proven to be successful. For example, 

cage-like nanostructures, with hollow interiors and porous 

walls, can be synthesized by galvanic replacement reactions 

with silver nanocubes acting as templates. [ 34,35 ]  Due to their 

upstanding properties in specifi c surface areas, electrocata-

lytic activity, and biocompatibility, the obtained nanocages 

can serve as good potential candidates for the fabrication 

of biosensors. Recently, the triblock copolymeric micelles 

of poly(styreneb-2-vinyl pyridine- b -ethylene oxide) (PS-

PVP-PEO) with core–shell–corona (CSC) architecture are 

proposed as soft templates for the synthesis of inorganic 

hollow nanoparticles. [ 36,37 ]  The hydrophobic PS core acts as 

a template of the hollow. The ionizable hydrophilic PVP shell 

selectively reserves the inorganic precursors. The hydrophilic 

PEO corona can prevent the structure form aggregation and 

enhance the stability. Compared to the hard templates, they 

have superiorities in size control, product yield, and template 

removal. Therefore, this method will have promising applica-

tion in the synthesis of nanomaterials with hollow structure. 

 In this work, two specifi c peptides for selective recogni-

tion of CA2 are designed fi rst, and the binding schematic dia-

gram between CA2 and the two specifi c peptides is showed 

in  Scheme    1  . Then, hollow and magnetic manganese oxide 

nanocrystals (H-Mn 3 O 4 ) were synthetized by using CSC poly-

meric templates. Polyethyleneimine (PEI) and the composite 

of platinum nanoparticles and tris (4,4′-dicarboxylicacid-2,2′-
bipyridyl) ruthenium (II) dichloride (PtNPs–Ru) were well 

chemically decorated on the surface of obtained H-Mn 3 O 4  

due to the high specifi c surface areas. In the presence of Eu 3+ , 

the prepared nanocomposite (H-Mn 3 O 4 –PEI–PtNPs–Ru) 

above aggregated locally together to form sheet-like nano-

structure ((H-Mn 3 O 4 –PEI–PtNPs–Ru)  n  –Eu 3+ ). Besides the 

special nanostructure and good magnetism, the nanosheets 

possessed outstanding ECL performance because the 
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 Scheme 1.    The binding schematic diagram between CA2 and the two 
specifi c peptides.
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coreactant (PEI) and the luminescent reagent (Ru com-

plexes) existed in the same nanostructure with PtNPs acting 

as nanochannels for electron transfer between them. Where-

after, the nanosheets were used to immobilize the detection 

peptide with Tween 20 (T20) preventing nonspecifi c binding. 

In addition, palladium nanocages (PdNCs), with high spe-

cifi c surface areas and good biocompatibility, were synthe-

sized through a galvanic replacement reaction and applied to 

immobilize the capture peptide. Based on the specifi c recog-

nition of cyclin-peptide to CA2, a “signal-on” peptide-based 

ECL biosensor was fabricated for the detection of CA2 (the 

preparation of the materials and the biosensor is showed in 

 Scheme    2  ). 

     2.     Results and Discussion 

  2.1.     Morphologies and Elements Analysis of the Different 
Nanomaterials 

 The morphologies of different nanomaterials prepared in 

this work were monitored by scanning electron micros-

copy (SEM,  Figure    1  ) and transmission electron microscope 

(TEM, Figure S1, Supporting Information). The morpholo-

gies of PdNCs were showed in Figure  1 A and Figure S1A, 

Supporting Information, which suggested that a large number 

of particles stacked cages were clearly observed. With using 

silver nanocubes as templates, the obtained PdNCs retained 

partial cubic prototype. By using CSC polymeric micelles 

as soft templates, the obtained H-Mn 3 O 4  had obvious 

hollow structure (Figure  1 B and Figure S1B, Supporting 

Information). After the modifi cation of 

PEI and PtNPs–Ru composite, abun-

dant of nanoparticles adsorbed H-Mn 3 O 4  

appeared (Figure  1 C and Figure S1C, Sup-

porting Information). Finally, H-Mn 3 O 4  

adsorbed with abundant of nanoparti-

cles aggregated locally to form sheet-like 

nanostructure owing to the coordination 

between Eu 3+  and carboxyl (Figure  1 D 

and Figure S1D, Supporting Information). 

  Furthermore, XPS was performed for 

the elemental analysis of (H-Mn 3 O 4 –PEI–

PtNPs–Ru)  n  –Eu 3+  composite. As shown 

in  Figure    2  , the peaks at 284.7, 399.8, 

485.2, and 531.4 eV could be, respectively, 

assigned to C1s, N1s, Ru3p, and O1s XPS 

spectra, which suggested the presence of 

PEI and Ru luminophore. In addition, the 

XPS doublets of Pd4f (84.0 and 88.9 eV), 

Mn2p (641.5 and 653.4 eV), Eu3d (1134.6 

and 1165.9 eV) indicated the existence of 

the PtNPs, H-Mn 3 O 4 , and Eu 3+ , respec-

tively. Based on the elemental analysis 

results above, we could ensure that the 

(H-Mn 3 O 4 –PEI–PtNPs–Ru)  n  –Eu 3+  com-

posite was successfully prepared. 

    2.2.     Magnetic Properties of the Prepared Materials 

 For magnetic materials, maintaining the inherent magnetic 

properties is very important. In our experiments, the mag-

netic properties of H-Mn 3 O 4  and (H-Mn 3 O 4 –PEI–PtNPs–

Ru)  n  –Eu 3+  composite were measured. As shown in  Figure    3  , 

the saturated specifi c magnetization of H-Mn 3 O 4  was about 

0.08 emu g −1 . Then, the saturated specifi c magnetization 

of (H-Mn 3 O 4 –PEI–PtNPs–Ru)  n  –Eu 3+  decreased to about 

0.05 emu g −1 . This decrease may be due to the fact that PEI, 

PtNPs, and Ru luminophore were nonmagnetic materials, 

which could decrease the saturated specifi c magnetization. In 
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 Scheme 2.    A) The preparation of H-Mn 3 O 4  and (H-Mn 3 O 4 –PEI–PtNPs–Ru)  n  –Eu 3+ ; B) the 
preparation and amplifi cation mechanism of ECL biosensor.

 Figure 1.    SEM images of A) PdNCs, B) H-Mn 3 O 4 , C) H-Mn 3 O 4 –PEI–
PtNPs–Ru, D) (H-Mn 3 O 4 –PEI–PtNPs–Ru)  n  –Eu 3+ .
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conclusion, the composite of (H-Mn 3 O 4 –PEI–PtNPs–Ru)  n  –
Eu 3+  with good magnetism was successfully synthesized, 

which could be easily separated in the follow-up modifi cation 

with assistance of an external magnet. 

    2.3.     Characterization of the ECL Biosensor 

 In order to prove the feasibility of the sandwiched recog-

nition for CA2 based on the two peptides, enzyme linked 

immunosorbent assay (ELISA) was performed (Figure S2, 

Supporting Information). Furthermore, the proposed bio-

sensor was characterized by ECL in PBS (0.1  m , pH 7.4). As 

shown in  Figure    4  A, there is almost no ECL response before 

the incubation of (H-Mn 3 O 4 –PEI–PtNPs–Ru)  n  –Eu 3+ @P 2 -T20 

bioconjugate (black curve) due to inexistence of ECL lumi-

nophore. However, an obvious ECL signal appeared when 

(H-Mn 3 O 4 –PEI–PtNPs–Ru)  n  –Eu 3+ @P 2 -T20 was immobilized 

on the electrode, which suggested the successful modifi cation 

of (H-Mn 3 O 4 –PEI–PtNPs–Ru)  n  –Eu 3+ @P 2 -T20 bioconjugate 

(red curve). 

  Meanwhile, electrochemical impedance spectroscopy 

(EIS) was performed to characterize the stepwise fabrication 

process of the ECL biosensor in 5 × 10 −3   m  [Fe(CN) 6 ] 
3−/4−  

containing 0.1  m  KCl. As shown in Figure  4  B, the bare GCE 

had a small semicircle in the base solution (curve a). Then, 

a decreased impedance value was obtained after the modi-

fi cation of PdNCs owing to its outstanding electric conduc-

tivity (curve b). After the successive immobilization of P 1 , 

T20, CA2 (20 ng mL −1 ), the impedance values increased in 

order (curve c–e). That was because the formation of protein 

molecules layers hindered the electron transfer. However, 

after the incubation of (H-Mn 3 O 4 –PEI–PtNPs–Ru)  n  –Eu 3+ @

P 2 -T20 bioconjugate, the impedance value was reduced 

(curve f), which could be ascribe to the fact that the materials 

in the bioconjugate promoted the electron transfer.  

  2.4.     Comparison of the Biosensor with Different P 2  
Bioconjugates 

 Five kinds of P 2  bioconjugates were prepared to illus-

trate the advantages of the biosensor with the target 
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 Figure 2.    XPS analysis for the full region of XPS for 
(H-Mn 3 O 4 –PEI–PtNPs–Ru)  n  –Eu 3+ .

 Figure 3.    Room-temperature magnetic-hysteresis loop for the H-Mn 3 O 4  
(a) and (H-Mn 3 O 4 –PEI–PtNPs–Ru)  n  –Eu 3+  (b).

 Figure 4.    A) ECL profi les of the biosensor in 20 ng mL −1  CA2 before (black 
curve) and after (red curve) the modifi cation of (H-Mn 3 O 4 –PEI–PtNPs–
Ru)  n  –Eu 3+ @P 2 -T20 bioconjugate; B) EIS profi les of (a) Bare GCE, (b) GCE/
PdNCs, (c) GCE/PdNCs/P 1 , (d) GCE/PdNCs/P 1 /T20, (e) GCE/PdNCs/P 1 /
T20/CA2, (f) GCE/PdNCs/P 1 /T20/CA2/(H-Mn 3 O 4 –PEI–PtNPs–Ru)  n  –
Eu 3+ @P 2 -T20 in 5 × 10 −3   M  [Fe(CN) 6 ] 3− / 4−  containing 0.1  M  KCl.
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 bioconjugate: (a) (H-Mn 3 O 4 –PEI–PtNPs–Ru)  n  –Eu 3+ @

P 2 -T20 (target bioconjugate), (b) (H-Mn 3 O 4 –PEI–Ru)  n  –
Eu 3+ @P 2 -T20, (c) (PEI–PtNPs–Ru)  n  –Eu 3+ @P 2 -T20, (d) 

H-Mn 3 O 4 –PEI–PtNPs–Ru@P 2 -T20, and (e) (H-Mn 3 O 4 –

PtNPs–Ru)  n  –Eu 3+ @P 2 -T20. The same batch of biosensors 

were prepared and incubated with 20 ng mL −1  CA2, then 

incubated with different P 2  bioconjugate solutions, respec-

tively. The changed values of the ECL responses ( ΔI ) of 

the biosensor with different bioconjugates were showed in 

Figure S3, Supporting Information. The  ΔI  of the biosensor 

with target bioconjugate was 3950.4 a.u. (Figure S3A, Sup-

porting Information). Then, the  ΔI  were decreased to 

2450.3, 2108.9, 1797.3, and 838.6 a.u. when the biosensor 

was incubated with (H-Mn 3 O 4 –PEI–Ru)  n  –Eu 3+ @P 2 -T20, 

(PEI–PtNPs–Ru)  n  –Eu 3+ @P 2 -T20, H-Mn 3 O 4 –PEI–PtNPs–

Ru@P 2 -T20, and (H-Mn 3 O 4 –PtNPs–Ru)  n  –Eu 3+ @P 2 -T20, 

respectively (Figures S3B–E, Supporting Information). The 

reason could be as follows: First, PtNPs, with excellent elec-

trocatalytic ability could act as nanochannels for electron 

transfer and energy transmission and enhanced the ECL 

signal. Second, H-Mn 3 O 4  with hollow structure had high 

specifi c surface areas, which could load increased amount 

of luminescent reagent and coreactant. Third, the loading 

amounts of H-Mn 3 O 4 , PEI, PtNPs, and Ru luminophore 

further increased due to the coordination of Eu 3+ . Finally, 

PEI as an effective coreactant to Ru luminophore had 

remarkable infl uence to the fi nal ECL signal, especially in a 

self-enhanced composite.  

  2.5.     The Possible Luminous Mechanisms of (H-Mn 3 O 4 –PEI–
PtNPs–Ru)  n  –Eu 3+  Composite 

 The possible mechanisms to the ECL of (H-Mn 3 O 4 –PEI–

PtNPs–Ru)  n  –Eu 3+  were described with the following 

equations
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   With the potential scanning from 0.2 to 1.25 V, both 

the luminophore and coreactant in the composite of 

(H-Mn 3 O 4 –PEI–PtNPs–Ru(II))  n  –Eu 3+  were oxidized. By 

adopting PtNPs to act as nanochannels for electron transfer 

and energy transmission, the strong oxidant interme-

diate (H-Mn 3 O 4 –PEI • –PtNPs–Ru(III))  n  –Eu 3+  changed to 

the excited state (H-Mn 3 O 4 –PEI–PtNPs–Ru * (II))  n  –Eu 3+ . 

Finally, the enhanced ECL emission was obtained with 

(H-Mn 3 O 4 –PEI–PtNPs–Ru * (II))  n  –Eu 3+  returning back to the 

ground state.  

  2.6.     Detection of CA2 with the Proposed Biosensor 

 Under the optimized experimental conditions (Figure S4, 

Supporting Information), the quantitative measurement of 

the proposed ECL biosensor was explored. According to 

 Figure    5  , the ECL intensity increased with increasing concen-

tration of CA2 (curve a–h). The inset of Figure  5  showed that 

the ECL intensity was linear with the logarithm of the CA2 

concentration. The linear equation was  I  = 2991.6 + 751.4 log 

 c  (where  I  was the ECL intensity and  c  was the concentra-

tion of CA2), and the correlation coeffi cient was 0.9985. The 

linear range was from 0.001 to 100 ng mL −1  with a detection 

limit of 0.3 pg mL −1  ( S / N  = 3). 

    2.7.     Selectivity, Stability, and Reproducibility of the Proposed 
Biosensor 

 Some interfering agents (Hb, 20 ng mL −1 ; IgG, 20 ng mL −1 ) 

were applied to evaluate the selectivity of the proposed 

biosensor. As shown in  Figure    6  A, the ECL signal of the 

biosensor incubating with IgG was similar to that of the 

blank sample. And no obvious changes were observed com-

pared to the ECL of the mixture of CA2 (1 ng mL −1 ) and 

different interfering agents to that obtained in the pure CA2 

(1 ng mL −1 ). All that indicated that the biosensor pos-

sessed good selectivity for CA2. Meanwhile, the stability of 

the ECL biosensor was assessed under consecutive cyclic 

potential scans (Figure  6 B). The relative standard deviations 
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 Figure 5.    ECL profi les of the biosensor in the presence of different 
concentrations of CA2 a–h): 0.001, 0.01, 0.1, 1, 10, 20, 50, and 
100 ng mL −1 . Inset: ECL calibration curve of the biosensor for CA2 
determination. All ECL signals were measured in PBS (0.1  M , pH 7.4). 
The PMT was set at 800 V and the potential scan was from 0.2 to 1.25 V.
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(RSD) of 0.76% in 19 cycles suggested a good stability of 

the biosensor, which could be attributed to the excellent 

luminous stability of the self-enhanced electrochemilu-

minescent composite. In addition, the reproducibility of 

the proposed biosensor was estimated by the RSD (ECL 

response) of intra- and interassays that were not more than 

5%, which implied that the reproducibility of the proposed 

biosensor was acceptable. 

    2.8.     Application 

 To monitor the feasibility of the ECL biosensor, recovery 

experiments were explored in human serum by standard addi-

tion method. A series of target protein with different con-

centrations (defi ned as Added) was added into the human 

serum (diluted 50 times with PBS). Then, the proposed immu-

nosensor was used to detect the target protein. Based on the 

obtained ECL intensity, the corresponding concentrations 

(defi ned as Found) of target protein were calculated according 

to the linear equation. The recovery was the ratio between 

the Found and Added. According to Table S1, Supporting 

Information, the recovery (between 91.16% and 109.4%) was 

obtained, which suggested that the proposed biosensor pro-

vided a potential tool for determining CA2 in real biological 

samples.   

  3.     Conclusions 

 In conclusion, two specifi c peptides for selective recognition 

of CA2 are designed fi rst. Then, Mn 3 O 4  with hollow structure 

and good magnetic magnetism was synthesized using triblock 

copolymeric micelles as templates. Based on the obtained 

H-Mn 3 O 4  and coordination of Eu 3+ , sheet-like nanostructure 

((H-Mn 3 O 4 –PEI–PtNPs–Ru)  n  –Eu 3+ ) was prepared, which 

included the ECL luminophore and its coreactant in the 

same complex while PtNPs act as nanochannels for electron 

transfer between them. By this way, the luminous stability 

and effi ciency had been greatly enhanced. The biosensor con-

structed based on the obtained nanostructures and the spe-

cifi c recognition of CA2-binding peptides 

had good response to CA2 in a wide linear 

range with outstanding selectivity, stability, 

and reproducibility. This work provided a 

new method for the construction of pep-

tide biosensor and would extend the appli-

cation of ECL in bioanalysis.  

  4.     Experimental Section 

  Synthesis of PdNCs : PdNCs were synthe-
sized according to our previous report. [ 24 ]  
First, 10 mL PVP (0.2  M ) and 3.5 mL AgNO 3  
(0.29  M ) were successively added into 30 mL 
hot ethylene glycol. Silver nanocubes were 
obtained after heating, refl uxing, and mag-
netic stirring at 160 °C for 40 min. By using 

the as-prepared silver nanocubes as templates, PdNCs were 
obtained through galvanic replacement reaction: K 2 PdCl 4  (5 mL, 
0.05  M ) was added into the silver nanocubes solution (20 mL) with 
refl uxing and heating for 40 min. At last, PdNCs were obtained by 
centrifugation and washing. 

  Preparation of H-Mn 3 O 4  and the Sheet-Like Nanostructure : The 
preparation of H-Mn 3 O 4  and (H-Mn 3 O 4 –PEI–PtNPs–Ru)  n  –Eu 3+  was 
showed in Scheme  2 A. The micelle of PS-PVP-PEO was prepared 
according to the literature with some minor modifi cations. [ 36 ]  First, 
0.2 g of PS-PVP-PEO was dissolved in a mixture solution of water 
and  N , N -dimethylformamide. After the PS-PVP-PEO polymer was 
completely dissolved, the solution was dialyzed against water 
to obtain the micelles of PS-PVP-PEO. The pH of the solution was 
adjusted to 10 with NaOH solution. Then, 0.5 g Mn(Ac) 2  was 
added. After the sol–gel reaction and drying at 50 °C, the obtained 
composites were calcined in a furnace at 500 °C for 4 h in air to 
remove the template polymer and obtain H-Mn 3 O 4 . 

 0.2 g H-Mn 3 O 4  powder was dissolved in 5 mL distilled water. 
Then, 1 mL 3-aminopropyltrimethoxysilane (AMPTS) was added. 
With the assistance of glutaraldehyde (GA), PEI (1%) was decorated 
on the surface of H-Mn 3 O 4 . After magnetic separation and redis-
persion, 0.5 mL mixed solution of PtNPs and Ru(dcbpy) 3  2+  were 
added. The composite (H-Mn 3 O 4 –PEI–PtNPs–Ru) was obtained 
by magnetic separation, washing, and redispersion. Finally, EuCl 3  
(0.5 mL, 0.01  M ) was added into the solution of H-Mn 3 O 4 –PEI–
PtNPs–Ru with stirring. After a few hours, the sheet-like nanostruc-
ture ((H-Mn 3 O 4 –PEI–PtNPs–Ru)  n  –Eu 3+ ) was obtained by magnetic 
separation and redispersion. Due to the existence of the magnetic 
core (H-Mn 3 O 4 ), all the unreacted reagents could be removed by 
magnetic separation. 

  Fabrication of the Peptide-Based ECL Biosensor : First of 
all, detection peptide (P 2 ) and T20 adsorbed (H-Mn 3 O 4 –PEI–
PtNPs–Ru)  n  –Eu 3+  was prepared: 0.3 mL P 2  and 0.1 mL T20 were 
consecutively added into 2 mL solution of (H-Mn 3 O 4 –PEI–PtNPs–
Ru)  n  –Eu 3+  with stirring. Then, the (H-Mn 3 O 4 –PEI–PtNPs–Ru)  n  –
Eu 3+ @P 2 -T20 bioconjugate was obtained by magnetic separation 
and redispersion. 

 The fabrication of the peptide-based ECL biosensor was sche-
matized in Scheme  2 B. The GCE (φ = 4 mm) was polished succes-
sively with 0.3, 0.05 µm alumina slurry and sonicated for 2 min 
before modifi cation. The cleaned GCE was fi rst coated with 
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 Figure 6.    A) Comparison of ECL responses with different antigens: Blank; IgG (20 ng mL −1 ); 
CA2 (1 ng mL −1 ); a mixture containing CA2 (1 ng mL −1 ) and IgG (20 ng mL −1 ); a mixture 
containing CA2 (1 ng mL −1 ), IgG (20 ng mL −1 ), and Hb (20 ng mL −1 ); B) The ECL stability 
of proposed biosensor under consecutive cyclic potential scans. All ECL signals were 
measured in PBS (0.1  M , pH 7.4). The PMT was set at 800 V and the potential scan was from 
0.2 to 1.25 V.
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5 µL PdNCs dispersed with chitosan (Chi, 0.6%) solution. After 
drying, 16 µL capture peptide (P 1 ) was dropped onto the elec-
trode with incubating for 8 h. Then, the modifi ed electrode was 
immersed into the solution of T20 for preventing the nonspecifi c 
binding. Subsequently, the resulted electrode was incubated 
in CA2 solution for 50 min. Finally, with a sandwich recognition 
format, 16 µL (H-Mn 3 O 4 –PEI–PtNPs–Ru)  n  –Eu 3+ @P 2 -T20 solution 
was dropped onto the as-prepared electrode. Especially, based on 
the excellent magnetic properties, the bioconjugate of (H-Mn 3 O 4 –
PEI–PtNPs–Ru)  n  –Eu 3+ @P 2 -T20 could be used cyclically through 
magnetic detachment.  
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