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A B S T R A C T   

Herein, a facile one-pot intrapolymerization strategy to synthesize manganese-eumelanin coordination nano
composites (Mn-Eu) was introduced to quench the electrochemiluminescence (ECL) behavior of luminol/H2O2 
system. Bimetallic PtCo and CuFe2O4 nanoparticles decorated with reduced graphene oxide was prepared to 
combine with luminol via electrostatic attractions (Lu-PtCo-CuFe2O4-rGO) which possessed excellent ECL sig
nals. PtCo-CuFe2O4-rGO not only exhibited well electrocatalytic activity toward the electrooxidation reactions of 
luminol and H2O2, but also facilitated the electroreduction of H2O2 producing more reactive oxygen species 
(ROSs) which can further enhance the ECL intensity of luminol. To sensitively detect procalcitonin, Mn-Eu 
labeled-secondary antibodies were employed to specific recognize antigen which incubated with primary anti
bodies/Lu-PtCo-CuFe2O4-rGO. The quenching mechanism may be via the synergistic effect between Mn-Eu 
inhibiting the electrooxidation of H2O2 and ECL resonance energy transfer (ECL-RET) from ECL donor luminol 
to ECL acceptor Mn-Eu. Under optimal experiments, the ECL immunosensor for detecting procalcitonin with a 
wider linear range from 0.005 pg/mL to 100 pg/mL and a detection limit of 0.0021 pg/mL (S/N = 3) was ob
tained. The suggested strategy possessed great potential in bioanalysis and will broaden the application of Mn- 
Eu.   

1. Introduction 

Electrochemiluminescence (ECL) technique has been extensively 
employed in bioanalysis field, with combining the advantages of elec
trochemistry and chemiluminescence, such as high sensitivity, rapid 
responses and wide detecting range [1,2]. Under suitable potential, the 
excited substances would generate energy relaxation process with 
emitting light at the surface of electrode, thus ECL is considered as 
photoemission behavior [3]. Recently, the method of immobilizing 
luminol on nanomaterials’ surface has been widely researched and 
luminol as classical luminophore, exhibited excellent luminous effi
ciency in aqueous solution [4]. However, lower luminous efficiency of 
luminol on most nanomaterials is still a challenge. To improve this 
problem, nanomaterials with excellent conductivity and catalytic 

properties toward coreactant H2O2 have been widely used to combine 
with luminol [5]. As to our knowledge, magnetic spinel-structured 
copper ferrite (CuFe2O4), holding excellent chemical stability and well 
catalytic activity, has extensively attracted in the degradation of various 
organic hazards and the purification of wastewater [6–8]. Nevertheless, 
high agglomeration of pure CuFe2O4 could restrain its application in 
bioanalysis field [9]. To improve the insufficiency, graphene oxide (GO) 
was employed as support materials to disperse CuFe2O4 nanoparticles in 
this work. During preparation process, GO could be reduced by ethylene 
glycol forming reduced GO (rGO), and then rGO has offered a conduc
tive backbone to facilitate electron transport, as an attracting 
two-dimensional carbon material [10]. The hybrid materials 
(CuFe2O4-rGO) can improve electrochemical performance with the 
synergistic effect between rGO and transition metal oxides. To further 
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enhance the catalytic effect of hybrid materials towards H2O2, PtCo 
bimetallic nanoparticles could be in situ anchored on the surface of 
CuFe2O4-rGO. Pt nanoparticles could accelerate the decomposition of 
H2O2 generating reactive oxidize species which can react with luminol 
radical anion emitting light [11]. Moreover, Co nanoparticles could 
catalyze the electrochemical oxidation of luminol and hydrogen 
peroxide [12]. Therefore, the integration of PtCo bimetallic nano
particles and CuFe2O4-rGO could enable the ECL behavior of lumi
nol/H2O2 system more excellent. 

Procalcitonin is a protein consisting of 116-amino-acids with a mo
lecular weight of 13 kDa [13,14]. The concentrations of PCT in the 
blood of a healthy person is below 0.1 ng mL− 1 and it can increase over 
100 ng mL− 1 for the bacteria originated sepsis, depending on the 
severity of the infection [15,16]. To sensitively detect biomarker pro
calcitonin for monitoring bacterial infections, a quenching sandwich 
immunosensor was proposed based on manganese-eumelanin coordi
nation nanoparticles (Mn-Eu) quenching the ECL of PtCo-CuFe2O4-rGO 
combined luminol. Eumelanin is a part of melanin and also the black 
insoluble photoprotective pigments of human skin and eyes [17]. The 
structure of eumelanin cannot be described accurately beyond a statis
tical description of main units and functional groups [17]. This could be 
primarily because of the amorphous character, the marked insolubility 
in all solvents, and the close association with the cellular ingredients of 
the biological matrix [17]. Thus far, however, some paramagnetic metal 
ions including Fe, Gd, and Mn, have been employed to react with 
melanin which possessing the ability of chelating with metal ions syn
thesizing melanin-like nanoparticles [18–20]. Moreover, these prepared 
hybrid nanomaterials exhibited a broadband UV–vis absorption [21], an 
intrinsic free radical character [22], efficient nonradiative energy 
dissipation [23], and a water-dependent, ioni c-e lectronic hybrid 
conductor behavior [24]. Herein, Mn-Eu were synthesized via chemical 
oxidation-polymerization of 3,4-dihydroxy-DL-phenylalanine 
(DL-DOPA) in the presence of KMnO4 which can oxidize DL-DOPA and 
provide Mn source. During the process of preparing, the catechol group 
of DL-DOPA may be oxidized by KMnO4 forming benzoquinone group, 
intramolecular cyclization through Michael reaction to generate indole, 
polymerization to eumelanin, and Mn chelation [25]. The prepared 
Mn-Eu with excellent solubility can effectively decrease the ECL in
tensity of luminol/H2O2 system which may be due to inhibiting the 
electrooxidation of H2O2 and ECL resonance energy transfer (ECL-RET) 
between Mn-Eu and luminol. 

2. Experimental section 

2.1. Preparation of PtCo-CuFe2O4-rGO 

Graphene oxide was prepared through Hummer method and the 
detailing process was provided in Supplementary Material. CuFe2O4- 
rGO was prepared according to previous literature with a slight modi
fication [26]. Firstly, 0.5 g BSA was dispersed in 5 mL ultrapure water, 
following by 50 mg GO ultrasonic dispersion 1 h in the ultrapure water. 
Then, 25 mL ethylene glycol was added in BSA solutions. After vigorous 
stirring for 5 min, 0.17 g CuCl2⋅2H2O, 0.54 g FeCl3⋅6H2O and 0.75 g 
NaAc were successively dispersed into the mixture solutions under 
stirring for 2 h. Finally, the mixture solutions were transferred into a 
Teflon-lined autoclave and heated at 180 ◦C for 24 h. After removing 
unreacted impurities by centrifugation and water washing, the prepared 
CuFe2O4-rGO was freeze dried. 

20 mg CuFe2O4-rGO was added in 15 mL ethylene glycol under 
ultrasounding for 30 min. 45 mg L-proline was dissolved in the above 
solutions under mechanical stirring. After 100 μL H2PtCl6⋅6H2O and 
7 mg CoCl2 6H2O added, the mixture solutions were transferred to a 
Teflon-lined autoclave and heated at 180 ◦C for 12 h. The products were 
washed several times using ultrapure water and absolute ethyl alcohol to 
remove unreacted impurities, then freeze drying. 

The Zeta-potential of PtCo-CuFe2O4-rGO was 6.6 mV, but the Zeta- 

potential of luminol was − 8.14 mV. Thus, luminol can adsorb on the 
surface of PtCo-CuFe2O4-rGO through electrostatic attraction. In brief, 
1 mL 5 mM luminol was diluted to 10 mL and 10 mg PtCo-CuFe2O4-rGO 
was dispersed in the diluted solutions under oscillating 6 h. After cen
trifugal washing, obtained Lu-PtCo-CuFe2O4-rGO was dispersed in 1 mL 
0.5 % chitosan. 

2.2. Preparation of Mn-Eu-Ab2 

Synthesis of Mn-Eu was performed by chemical oxidation- 
polymerization of DL-DOPA with KMnO4 in aqueous solution [25]. 
Briefly, 0.118 g DL-DOPA was added in 60 mL ultrapure water and 
heated to 50 ◦C. Following by, 0.01 g PVP was dissolved in the above 
solution. 1.8 mL 100 mM KMnO4 solution was rapidly dropped under 
vigorous stirring. After continuous stirring for 6 h, the black products 
were collected by centrifugation (15,000 rpm, 10 min) and washing 
with ultrapure water three times. Finally, the precipitate was freeze 
dried. 

According to the -COOH of Mn-Eu, second antibodies were immo
bilized on the surface of Mn-Eu through covalent linkage. In brief, 
3 mg Mn-Eu was dispersed in pH 7.4 PBS. After 500 μL 100 mM EDC 
and 500 μL 400 mM NHS added in the PBS, 500 μL 100 μg/mL Ab2 was 
dropped. After oscillating 6 h at 4 ◦C, Mn-Eu-Ab2 immune complex was 
obtained by centrifugation and washing with ultrapure water and 
redispersed in pH 7.4 PBS. To block non-specific sites, 300 μL 1% BSA 
was dropped in the Mn-Eu-Ab2 immune complex solutions under oscil
lating 6 h at 4 ◦C. The immune complex was redispersed in pH 7.4 PBS 
and stored at 4 ◦C. 

2.3. Fabrication and detection procedure of ECL immunosensor 

The pretreatment process of ITO was according to our previous work. 
Scheme 1 represented the assembly process of ECL immunosensor and 
its application of detecting procalcitonin. First, ITO was modified with 
6 μL of Lu-PtCo-CuFe2O4-rGO chitosan solution and dried. Subse
quently, Ab1 was incubated with the modified electrode. The Zeta- 
potential of Lu-PtCo-CuFe2O4-rGO chitosan solution was 60.5 mV due 
to electropositive chitosan and the Zeta-potential of Ab1 was -9.02 mV. 
Thus, Ab1 can adsorb on the surface of Lu-PtCo-CuFe2O4-rGO chitosan 
solution through electrostatic attraction. After being rinsed with ultra
pure water, the modified electrode was blocked with 3 μL of 1% BSA. 
After incubating 30 min, the modified electrode was rinsed and 6 μL of 
different concentrations of procalcitonin was dropped and incubated at 
4 ◦C for 1 h. After rinsed, 6 μL of 2 mg/mL Mn-Eu-Ab2 was incubated 
with procalcitonin/BSA/Ab1/PtCo-CuFe2O4-rGO-modified ITO for 1 h 
to form Mn-Eu-Ab2/procalcitonin/BSA/Ab1/PtCo-CuFe2O4-rGO-ITO. 

The fabricated ECL immunosensor was detected in 10 mL pH 8.0 PBS 
containing 6 mM H2O2. The voltage of the photomultiplier tube at 800 V 
and the potential from 0 to 0.6 V were carried out to detect the ECL 
signals of the fabricated ECL immunosensor. 

3. Results and discussion 

3.1. Characterization of the synthesized CuFe2O4-rGO, PtCo-CuFe2O4- 
rGO and Mn-Eu 

The morphology of CuFe2O4-rGO and PtCo-CuFe2O4-rGO was char
acterized by SEM. As shown in Fig. 1A, CuFe2O4 was uniformly 
distributed on the rGO surface. The large surface of GO was rich in de
fects/functional groups as nucleation sites and the feature of GO can 
make in-situ growth of CuFe2O4 nanoparticles avoid agglomeration. The 
solvent EG served as weak reductants to reduce obtaining reduced 
graphene oxide (rGO) and BSA was employed as surfactant to improve 
the biocompatibility of CuFe2O4-rGO. The prepared GO exhibited flake- 
like shaped (Fig. S1 in Supplementary Material). The morphology of the 
pure CuFe2O4 aggregated each other creating clumps without adding GO 
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(Fig. S2 in Supplementary Material). Besides, XRD was used to charac
terize the crystal structure of CuFe2O4-rGO (Fig. 1B). Diffraction peaks 
were exhibited at 29.8◦ (220), 35.64◦ (311), 43.03◦ (400), 57.64◦ (511), 
62.77◦ (440), 74.24◦ (533) and 78.96◦ (444), which agreed well with the 
standard XRD data for Cuprospinel CuFe2O4 (JCPDS NO. 25-0283). 
Fig. 1C showed the SEM of PtCo-CuFe2O4-rGO and large nanoparticles 
including PtCo and CuFe2O4 nanoparticles were observed on the rGO 
surface. The inset of Fig. 1C was the EDX of PtCo-CuFe2O4-rGO and the 
main elements were displayed containing Pt, Co, Cu, Fe, O and C, con
firming the chemical composition of PtCo-CuFe2O4-rGO. The chemical 
state of element exhibited in the PtCo-CuFe2O4-rGO was characterized 
by XPS. Fig. 1D was the survey spectrum of PtCo-CuFe2O4-rGO, con
firming the existence of Pt, Co, Cu, Fe, O and C elements which was 

consistent with EDX of PtCo-CuFe2O4-rGO. For Pt nanoparticles, the 
strong peaks at 70.2 eV and 73.5 eV were fitted with Pt◦ 4f7/2 and Pt◦

4f5/2, then the peak centered at 76.0 eV was corresponding to Pt2+

(Fig. S3A) [27]. As shown in Fig. S3B, the binding energies of Co 2p3/2 
and Co 2p1/2 were located at 780.4 eV and 796.4 eV, while the weaker 
peak at 784.5 eV belonging to Co2+ [28]. Fig. S3C–F was the 
high-resolution spectra of Cu, Fe, O and C elements, and the peaks for Cu 
2p3/2 at 931.3 eV, Cu 2p1/2 at 951.2 eV, Cu2+ at 943.3 eV, Fe 2p3/2 at 
711.4 eV, O 1s at 530.5 eV, C–C at 283.7 eV, C–O at 284.9 eV and C––O 
at 287.1 eV can be shown clearly, forming the components of 
CuFe2O4-rGO. Herein, PtCo-CuFe2O4-rGO exhibited more excellent 
catalytic activity towards luminol/H2O2 system than CuFe2O4-rGO. 
Mott-Schottky plots measurement was performed to investigate the 

Scheme 1. Schematic illustration of constructed process of the developed signal-off ECL immunosensor for detecting procalcitonin.  

Fig. 1. SEM images of CuFe2O4-rGO (A) and 
PtCo-CuFe2O4-rGO (C); XRD pattern of 
CuFe2O4-rGO (B); XPS survey spectrum of PtCo- 
CuFe2O4-rGO (D); Mott-Schottky plots of 
CuFe2O4-rGO (E) and PtCo-CuFe2O4-rGO (F) in 
0.2 M Na2SO4 and the frequency was 2000 Hz; 
(G) CV of bare ITO (curve a), CuFe2O4-rGO 
(curve b) and PtCo-CuFe2O4-rGO (curve c) in 
pH 8.0 PBS containing 6 mM H2O2; (H) Zeta- 
potential of CuFe2O4-rGO, PtCo-CuFe2O4-rGO, 
luminol and Lu-PtCo-CuFe2O4-rGO; (I) ECL 
behavior of Lu-PtCo-CuFe2O4-rGO (curve a), 
Lu-Pt-CuFe2O4-rGO (curve b) and Lu-Co- 
CuFe2O4-rGO (curve c) in pH 8.0 PBS contain
ing 6 mM H2O2. Error bars = RSD (n = 3).   
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catalytic performance. As Fig. 1E and F presented, the Fermi levels of 
CuFe2O4-rGO and PtCo-CuFe2O4-rGO were about -0.26 V and 0.01 V, 
respectively. The results indicated that the Femi energy decreased after 
PtCo nanoparticles grown on the CuFe2O4-rGO surface, thus PtCo-Cu
Fe2O4-rGO much more easily received electrons from luminol to H2O2 
promoting the decomposition of H2O2 to produce more ROS which can 
enhance the ECL of luminol. Moreover, cyclic voltammetry (CV) of bare 
ITO (curve a, Fig. 1G), CuFe2O4-rGO (curve b, Fig. 1G) and PtCo-Cu
Fe2O4-rGO (curve c, Fig. 1G) was carried out in pH 8.0 PBS containing 
8 mM H2O2. The CV of PtCo-CuFe2O4-rGO presented obvious reductive 
peak at − 0.15 V compared to CuFe2O4-rGO, indicating that PtCo-Cu
Fe2O4-rGO as mimicking peroxidase-like much more easily facilitate the 
decomposition of H2O2 producing more ROS. The immobilizing method 
of luminol on nanomaterials’ surface was related to the stable of ECL 
signals. As shown in Fig. 1H, the Zeta-potential of CuFe2O4-rGO and 
PtCo-CuFe2O4-rGO was 12.1 mV and 6.6 mV, respectively. However, 
the Zeta-potential of luminol was − 8.14 mV. Therefore, luminol can 
immobilize on the surface of PtCo-CuFe2O4-rGO through electrostatic 
attraction. The Zeta-potential of Lu-PtCo-CuFe2O4-rGO was − 8.39 mV, 
indicating that luminol was successfully anchored on the PtCo-Cu
Fe2O4-rGO surface. 

The morphology of Mn-Eu was characterized by TEM which pre
sented a sphere-like structure. As shown in Fig. S4E, Dynamic Light 
Scattering (DLS) was employed to characterize the size of Mn-Eu, and 
DLS results showed that the average size was about 138 nm which was 
consistent with the TEM measured. XPS was performed to analyze the 
chemical state of the elements in Mn-Eu. Fig. S4A was the survey 
spectrum of Mn-Eu, confirming the existence of C, N, O and Mn ele
ments. Fig. S4B and C were the spectra of N 1s and O 1s, displaying the 
characteristic peak was centered at 399.4 eV and 530.9 eV, respectively. 
Fig. 2B was the Mn 2p spectra and showed two characteristic peaks 
located at 641.2 eV and 653.1 eV, belonging to Mn 2p3/2 and Mn 2p1/2, 
respectively, demonstrating the presence of Mn2+. The weak peak at 
645.6 eV can reveal the existence of Mn3+. Fig. 2C was the spectra of C 

1s and the binding energies centered at 284.2 eV, 285.1 eV and 287.3 eV 
were assigned to C–C, C–O and C––O, respectively, suggesting that the 
presence of − COOH in Mn-Eu. To further confirm the presence of 
− COOH in Mn-Eu, as presented in Fig. S4D, FT-IR was carried out and 
the peaks at 1629 cm− 1 and 1400 cm− 1 were assigned to C––O and C–O 
stretching, respectively [29]. In my view, the source of the − COOH in 
Mn-Eu was DL-DOPA. Therefore, EDC/NHS was employed to activate 
the − COOH of Mn-Eu attaching antibodies. As shown in Fig. 2D, the 
Zeta-potential of Mn-Eu and Ab2 was − 17.6 mV and − 9.02 mV, 
respectively. After Ab2 attached, the Zeta-potential was − 35.3 mV, 
indicating Ab2 was successfully anchored on the Mn-Eu surface. 

3.2. Possible ECL reaction mechanism of Mn-Eu quenching Lu-PtCo- 
CuFe2O4-rGO/H2O2 system 

The ECL mechanism of luminol/H2O2 system was based on the 
electrochemical oxidation-reduction reaction of luminol and H2O2. 
First, under positive potential, deprotonation of luminol in an alkaline 
solution (pH 8.0) was electrochemical oxidized forming radical anions 
of 3-aminophthalic acid. While H2O2 was under the potential scanning 
from 0 V to 0.6 V, it could be electrooxidation forming superoxide 
radical anions. Then, radical anions of 3-aminophthalic acid could be 
oxidized by superoxide radical forming excited anions of 3-amino
phthalic acid which can emit light. As shown in Fig. 1G, PtCo- 
CuFe2O4-rGO not only increased the electrooxidation current of H2O2, 
but also catalyzed the decomposition of H2O2 producing more ROSs. To 
investigate the vital role of adding PtCo nanoparticles, pure Pt nano
particles and pure Co nanoparticles were also prepared to electrostatic 
attract the same concentration of luminol. The ECL-time curve of Lu- 
PtCo-CuFe2O4-rGO/ITO (curve a in Fig. 1I), Lu-Pt-CuFe2O4-rGO/ITO 
(curve b in Fig. 1I) and Lu-Co-CuFe2O4-rGO/ITO (curve c in Fig. 1I) was 
performed in pH 8.0 PBS containing 6 mM H2O2, revealing that only Pt 
nanoparticles and Co nanoparticles co-existence, the PtCo-CuFe2O4- 
rGO/ITO exhibited optimal ECL behavior. We can deduce that PtCo 

Fig. 2. TEM image of Mn-Eu (A); XPS spectra of Mn 2p (B) and C 1s (C); Zeta-potential of Mn-Eu, Ab2 and Mn-Eu-Ab2 (D). Error bars = RSD (n = 3).  
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nanoparticles possess better catalytic activity than pure Pt and Co 
nanoparticles. 

As depicted in Fig. 4A, Lu-PtCo-CuFe2O4-rGO modified-ITO exhibi
ted strong ECL signal (curve a), but the ECL intensity decreased sharply 
after Mn-Eu casted on the Lu-PtCo-CuFe2O4-rGO modified-ITO (curve 
b). The ECL reaction was occurred at the electrode surface. To investi
gate the quenching mechanism, CV performance of Mn-Eu in the 
absence or presence of H2O2 was conducted and bare glass carbon 
electrode was used as working electrode. As shown in Fig. 3A, curve a 
and b were the CV of bare GCE in the absence and presence of 10 μM 
H2O2, respectively. The oxidation current of bare GCE at 10 μM H2O2 
obviously increased which was ascribed to the electrooxidation of H2O2. 
To investigate the effect of Mn-Eu on the electrode surface, the CV of 
Mn-Eu modified GCE was performed in the absence (curve c) and 
presence (curve d) of 10 μM H2O2. It was found that the current intensity 
was no distinct change before and after adding H2O2, indicating that 
Mn-Eu maybe inhibit the electrooxidation of H2O2 producing less su
peroxide radical anions. As we all know, superoxide radical anions can 
react with radical anions of 3-aminophthalic acid producing excited 
anions of 3-aminophthalic acid. Therefore, the existence of Mn-Eu can 
be used as antioxidant to quench the ECL behavior of luminol/H2O2 
system. Besides, the ECL emission of luminol was investigated and the 
result was shown in Fig. 3B curve a. It was found that emission rang was 
from 365 nm to 600 nm and the characteristic peak was at about 
438 nm. The UV–vis absorbance spectrum of Mn-Eu was displayed in 
Fig. 3B curve b. The absorbance range was from 260 nm to 800 nm and 
the characteristic peak was located at 312 nm. Combination curve a and 
curve b, partial overlap between the ECL emission spectrum of luminol 
and UV–vis absorbance spectrum of Mn-Eu was revealed, indicating that 
the presence of ECL resonance energy transfer (ECL-RET) from ECL 
donor luminol to ECL acceptor Mn-Eu which can further decrease the 
ECL signals of luminol. These results suggested that the quenching 
mechanism may be via the synergistic effect between Mn-Eu inhibiting 
the electrooxidation of H2O2 and ECL-RET. 

3.3. CV, EIS and ECL measurement of the immunosensor 

To verify the stepwise assembly process of the constructed immu
nosensor, ECL behavior with different stages was performed. As 
observed in Fig. 4B, compared to bare ITO (curve a), Lu-PtCo-CuFe2O4- 
rGO/ITO showed a remarkable ECL signal (curve b). After Ab1, BSA and 
procalcitonin successively assembled on Lu-PtCo-CuFe2O4-rGO/ITO, 
ECL intensity decreased in sequence (curve c-e). This was because Ab1, 
BSA and procalcitonin were belonged to proteins which hindered elec
tron transfer inhibiting ECL reactions. However, after Mn-Eu-Ab2 
attached on the modified-ITO through specific interaction between an
tibodies and antigens, the ECL signals largely decreased (curve f) which 
was due to strong quenching effect of Mn-Eu on luminol/H2O2 system. 
These results confirmed that the fabricated process was successful. 

EIS and CV were employed to investigate the electrochemical per
formance of stepwise interfacial modification. As depicted in Fig. 4C, 
compare to bare ITO (curve a), Lu-PtCo-CuFe2O4-rGO modified-ITO 
exhibited a smaller semicircle domain (curve b) and the Ret value of 
Lu-PtCo-CuFe2O4-rGO decreased slightly (Table S1). This was because 
the conductivity of ITO sensing interface was improved by Lu-PtCo- 
CuFe2O4-rGO with well conductivity. This inference was also confirmed 
by CV measurement (Fig. 4D) and couple of reversible redox peaks was 
observed due to the presence of [Fe(CN)6]3− . The current intensity of 
oxidation peak for Lu-PtCo-CuFe2O4-rGO/ITO (curve b in Fig. 4D) was 
higher than bare ITO (curve a in Fig. 4D). After Ab1, BSA and pro
calcitonin successive modified on Lu-PtCo-CuFe2O4-rGO/ITO surface, 
the semicircle domain and the Ret value increased (curve c-e in Fig. 4C) 
due to Ab1, BSA and procalcitonin as proteins hindering the electron 
transfer. After Mn-Eu-Ab2 attached on procalcitonin/BSA/Ab1/Lu-PtCo- 
CuFe2O4-rGO/ITO surface, the semicircle domain and the Ret value 
further increased (curve f in Fig. 4C), indicating the assembly procedure 
of ECL immunosensor successful. In CV results, when Ab1, BSA, pro
calcitonin and Mn-Eu-Ab2, immobilized on the modified-ITO, the 
oxidation peak height decreased successively (curve c-f in Fig. 4D) 
because of the formation of proteins’ layers hindering the electron 
transfer. 

3.4. Optimization of experimental conditions 

Optimization of experimental conditions can make the performance 
of the fabricated ECL immunosensor reach optimal. Four main param
eters were optimized, including pH and concentration of H2O2, Lu-PtCo- 
CuFe2O4-rGO and Mn-Eu. The ECL intensity mainly depended on the pH 
value of substrate solution. As shown in Fig. S5A, pH values were 
adjusted from 6.0 to 9.0. When the pH was lower 8.0, the ECL intensity 
was weak. However, when the pH was 8.0, the ECL intensity increased 
sharply due to the deprotonation of luminol and when the pH was more 
than 8.0, the ECL intensity changed gently. The concentration of H2O2 
could influence producing O2

− ⋅ which was the essential species of 
generating ECL signals. As presented in Fig. S5B, ECL intensity increased 
with increasing the concentration of H2O2 from 1 mM to 6 mM and then 
decreased gently. Different concentration of Lu-PtCo-CuFe2O4-rGO 
could cause different ECL intensity and the reason may be different 
dosage of Lu-PtCo-CuFe2O4-rGO on the ITO surface would change the 
conductivity of modified-ITO platform. When the concentration of Lu- 
PtCo-CuFe2O4-rGO increased, the ECL intensity increased (Fig. S5C). 
When the concentration increased 2.5 mg/mL, ECL intensity reached 
highest value. Though the concentration further increased, the ECL in
tensity also decreased because of thick film of Lu-PtCo-CuFe2O4-rGO 
hindering the conductivity of sensing interface. To ensure optimal 
quenching effect, the concentration of Mn-Eu was optimized (Fig. S5D). 
When the concentration of Mn-Eu was 2 mg/mL, the quenching effect 
achieved optimal. Therefore, pH 8.0, 6 mM of H2O2, 2.5 mg/mL of Lu- 

Fig. 3. (A) The CV of bare GCE (a and b), Mn-Eu/GCE (c and d) in the absence and presence of H2O2 was performed in 10 mL PBS (pH 8.0) containing 10 μM H2O2; 
(B) ECL emission spectra of luminol (a) and UV–vis absorbance spectra of Mn-Eu (b). 
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PtCo-CuFe2O4-rGO and 2 mg/mL of Mn-Eu-Ab2 were chosen as the 
optimal conditions for fabricating ECL immunosensor to detect 
procalcitonin. 

3.5. Performance of the immunosensor 

Fig. 5A showed the ECL responses with the increment of procalci
tonin concentrations. The ECL intensity linearly decreased depending on 

Fig. 4. (A) ECL behavior of Lu-PtCo-CuFe2O4- 
rGO/ITO (curve a) and Mn-Eu/Lu-PtCo- 
CuFe2O4-rGO/ITO (curve b) in pH 8.0 PBS 
containing 6 mM H2O2; (B) ECL intensity- 
Potential curves of bare ITO (curve a), Lu- 
PtCo-CuFe2O4-rGO/ITO (curve b), Ab1/Lu- 
PtCo-CuFe2O4-rGO/ITO (curve c), BSA/Ab1/Lu- 
PtCo-CuFe2O4-rGO/ITO (curve d), procalcito
nin/BSA/Ab1/Lu-PtCo-CuFe2O4-rGO/ITO 
(curve e), and Mn-Eu-Ab2/procalcitonin/BSA/ 
Ab1/Lu-PtCo-CuFe2O4-rGO/ITO (curve f) in pH 
8.0 PBS containing 6 mM H2O2; (C) EIS of bare 
ITO (curve a), Lu-PtCo-CuFe2O4-rGO/ITO 
(curve b), Ab1/Lu-PtCo-CuFe2O4-rGO/ITO 
(curve c), BSA/Ab1/Lu-PtCo-CuFe2O4-rGO/ITO 
(curve d), procalcitonin/BSA/Ab1/Lu-PtCo- 
CuFe2O4-rGO/ITO (curve e), and Mn-Eu-Ab2/ 
procalcitonin/BSA/Ab1/Lu-PtCo-CuFe2O4-rGO/ 
ITO (curve f) performed in 2.5 mM [Fe 
(CN)6]3− /4− and 0.1 M KNO3; The inset was the 
equivalent circuit for EIS; (D) CV of bare ITO 
(curve a), Lu-PtCo-CuFe2O4-rGO/ITO (curve b), 
Ab1/Lu-PtCo-CuFe2O4-rGO/ITO (curve c), BSA/ 
Ab1/Lu-PtCo-CuFe2O4-rGO/ITO (curve d), pro
calcitonin/BSA/Ab1/Lu-PtCo-CuFe2O4-rGO/ 
ITO (curve e), and Mn-Eu-Ab2/ procalcitonin/ 
BSA/Ab1/Lu-PtCo-CuFe2O4-rGO/ITO (curve f) 
in 5 mM [Fe(CN)6]3− and 0.1 M KNO3.   

Fig. 5. ECL response of the ECL immunosensor to detect procalcitonin with different concentrations in pH 8.0 PBS containing 6 mM H2O2 (A); Linear calibration 
curve from 0.005 pg/mL to 100 pg/mL. Inset: calibration curve for procalcitonin (B); The stability of ECL immunosensor for the detection of 1 pg/mL under 12 cycles 
of consecutive cyclic potential scan from 0 to 0.6 V (C); Specificity of the proposed immunosensor (D). Error bars = RSD (n = 3). 
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the logarithm of procalcitonin concentrations in the range from 
0.005 pg/mL to 100 pg/mL (Fig. 5B) and the linear regression equation 
was I=− 993.3 log C +2077.5 (unit of C was pg/mL) with the correlation 
coefficient of 0.9954. The limit of detection (LOD) was calculated ac
cording to the previous reports [30]. The calculation procedure of 
detection limit was as follows: LOD = 3SB/m, where m was the slope of 
the corresponding calibration curve and SB was the standard deviation 
of the blank. Herein, the LOD was 0.0021 pg/mL (S/N = 3), and in 
comparison with other developed immunosensor, this work exhibited 
lower detection limit and wider linear range (Table S2). This advantage 
may be ascribed to excellent ECL behavior of substrate materials 
Lu-PtCo-CuFe2O4-rGO and well quenching effect of Mn-Eu. 

3.6. Stability, selectivity and reproducibility of the signal-off ECL 
immunosensor 

The stability of ECL immunosensor was the foundation of practical 
application. Therefore, the stability of substrate materials Lu-PtCo- 
CuFe2O4-rGO and the immunosensor for detecting 1 pg/mL procalcito
nin was investigated. As depicted in Fig. S6, under 20 cycles of 
consecutive cyclic potential scan, quite stable and strong ECL signals 
were obtained, indicating PtCo-CuFe2O4-rGO immobilized luminol 
exhibiting satisfying ECL behavior. After immunosensor fabricated, 
Fig. 5C showed the ECL stability of the immunosensor for detecting 
1 pg/mL procalcitonin. Under 12 cycles of consecutive cyclic potential 
scan, the ECL intensity was extremely stable and the Relative Standard 
Deviation (RSD) was 1.6 %. 

The proposed ECL immunosensor was considered to be specific to
wards detecting procalcitonin based on antigens and antibodies specific 
recognitions. As presented in Fig. 5D, when interferences Human serum 
albumin (HSA), Immunoglobulin G (IgG) and C-reactive protein (CPR) 
were dropped replacing procalcitonin, the ECL intensities were close to 
the blank samples. After 1 pg/mL procalcitonin and 100 pg/mL in
terferences HSA, IgG and CPR incubated with the modified ITO, the ECL 
signals were nearly the same with procalcitonin. These results indicated 
that excellent selectivity of the proposed immunosensor achieved. 
Moreover, the reproducibility of the proposed immunosensor was 
investigated which was shown in Fig. S7. The RSD was 0.79 % for the 
detection of 1 pg/mL procalcitonin, implying that the immunosensor 
exhibited well reproducibility. Besides, 5 electrodes of the developed 
immunosensor was stored at 4 ◦C for 2 weeks and the storage stability 
was detected. As shown in Fig. S8, the ECL intensity was maintained 
88.5 % of its original ECL intensity, suggesting that the immunosensor 
held satisfying storage stability. 

3.7. The application of the developed ECL immunosensor in human serum 

In order to study the potential feasibility of the developed ECL 
immunosensor in human serum, different concentrations of procalcito
nin were evaluated through standard addition method. As shown in 
Table S3, satisfying recoveries and RSD were displayed, indicating that 
the developed immunosensor could be used as an effective tool to detect 
procalcitonin in human serum. 

4. Conclusion 

In this work, PtCo-CuFe2O4-rGO was synthesized to combine with 
luminol through electrostatic attraction which possessing excellent ECL 
signals. This was because PtCo and CuFe2O4 nanoparticles can facilitate 
the decomposition of H2O2 producing more ROS and increase the elec
trooxidation of H2O2. And Lu-PtCo-CuFe2O4-rGO was employed to 
construct a sandwich immunosensor to detect procalcitonin based on 
Mn-Eu labeled Ab2 to quench the ECL behavior of luminol/H2O2 system. 
Herein, the end potential of the applied potential was at 0.6 V which 
satisfied the detecting need and lower potential can ensure the activity 
of biomolecules. The quenching mechanism could be due to Mn-Eu as 

antioxidant suppressing the electrooxidation of H2O2 and the existence 
of ECL-RET between luminol and Mn-Eu. The analysis of results indi
cated that the developed ECL immunosensor displayed well analytical 
performance according to sensitivity, stability, selectivity and 
reproducibility. 
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