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An ultrasensitive multiplexed electrochemiluminescence immunoassay method was developed for the 

detection of tumor markers by combining a functionalized graphene nanosheets and gold-coated 

magnetic Fe3O4 nanoparticles (GMPs) labeled alpha-fetoprotein (AFP) antibody (GMP~Ab1). The 

functionalized graphene nanosheets (PDDA-G) with poly (diallyldimethylammonium chloride) 

(PDDA) were synthesized and used to combine with luminol-capped gold nanoparticles (Lu-Au NPs). 

The resulting PDDA-G@Lu-Au composite displayed an enhanced capability for the immobilization of 

horseradish peroxidase (HRP) and signal antibody (Ab2) to realize its electrochemiluminescence 

immunoassay. Great signal amplification was achieved since PDDA-G could adsorb large amount of 

reporter molecules (Lu-Au). Besides gold nanoparticles were not only used as carriers of Ab2 and 

HRP but also catalyzed the ECL reaction of luminol, which further amplified the ECL signal of 

luminol in the presence of H2O2. GMPs as supporting material, not only been performed the rapid 

separation and purification of signal antibody on magnetic field, but also enhanced the fixed capacity 

of Ab1 to improve detection range. In addition, the magnetic probes were readily immobilized on the 

working electrode of screen-printed carbon electrode (SPCEs) by magnets. Under the optimized 

conditions, the ECL method shows a linear range of alpha-fetoprotein (AFP) from 0.002 to 20 ng mL
-1

 

and an extremely low detection limit of 0.2 pg mL
-1

 (3σ). Moreover, the proposed method is also 

simple, stable, specific, and time-saving, avoiding the complicated process modification on the 

electrodes’ surface, which may open a new door to ultrasensitive detection of tumor markers in clinical 

analysis. 
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1. INTRODUCTION 

The increasing demands of cancers diagnostics and therapeutic analysis require the 

development of sensitive and accurate detection of tumor markers. The immunoassay, based on the 

highly specific antibody–antigen recognition, has been widely used in the sensitive quantitative 

detection of tumor markers [1-6]. In comparison to the conventional immunoassays such as enzyme-

linked immunosorbent assay (ELISA) and chemiluminescence immunoassay, the ECL assay not only 

shows high sensitivity and wide dynamic concentration response range but also is potential and spatial 

controlled. By integrating the high affinity of antigen-antibody, the ECL immunoassay has become a 

powerful analytical tool for highly sensitive and specific detection of clinical samples [7-9]. ECL 

immunosensors provide a disposable, sensitive and selective method for determining target proteins 

with shortened assay time and simplified operations [10].  

However, the sensitivity of the ECL immunoassay is still low. In order to meet the increasing 

demand for early and ultrasensitive detection of biomarkers, various signal amplification technologies 

using nanomaterials have been developed. Since the nanoparticles can work as a promoter to increase 

the surface area and improve the electron transfer at the electrode interface. They can also be used as 

carriers to load a large amount of ECL labels and biomolecules and thus afford substantial ECL signal 

amplification and the enhancement of performances of the biosensors. Varieties of nanoparticles, such 

as gold nanoparticles (Au NPs), carbon nanotube, TiO2 and SiO2, have been applied as the labels in 

nanoparticle-based amplification platforms which can dramatically enhance the signal intensity of ECL 

immunosensors [11-16]. For example, Cui’s group gained a great enhancement on the sensitivity of the 

ECL immunosensor using luminol-conjugated gold nanoparticles [17]. Yuan’s group achieved 

enhanced sensitivity using a single-wall carbon nanotube forest modified electrode with silica 

nanoparticles loaded with Ru(bpy)3
2+

 and secondary antibody for the ECL immunoassay of 

Immunoglobulin G (IgG) [18]. 

The interesting physical properties of graphene, a novel one-atomthick and two-dimensional 

graphitic carbon system, has recently attracted enormous attention in constructing electrochemical 

biosensors [19-24]. Since the large surface area of graphene and related derivates also allows it to be 

an excellent carrier to load more active probes and active domains for biomolecules binding, offering a 

significant amplification on the electrochemical sensing signals. For example, the polyethylenimine-

functionalized graphene ionic liquid nanocomposites, the conductive architecture of the graphene-

doped chitosan complex and the positive poly (diallyldimethylammonium chloride) (PDDA) 

functionalized grapheme (PDDA-G) can possibly be used for the future fabrication of biosensors due 

to their good electronic properties and the biocompatibility of graphene-based composites produced by 

direct electron transfer in the biomolecule as it maintains bioactivity [25-27].  

The magnetic nanoprobes strategy developed recently has proven to be a highly sensitive 

technique for detecting human tumor cells, and is especially well suited to separate and in the 

meantime detect low-concentrations of proteins [28, 29]. Besides using GMPs as a matrix to 

immobilize bimolecular has aroused great interests in recent years [30-34]. Qiu’s group has reported 

that the dopamine biosensor was fabricated by immobilizing of ferrocenylalkanethiol molecules on the 

surface of Au-coated magnetic NPs and used to determine dopamine [33]. Pham’s group has reported 
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that magnetic separation of biological molecules using Au-coated magnetic oxide composite NPs was 

examined after attachment of protein immunoglobulin (IgG) through electrostatic interactions [34]. 

Therefore, the GMP composite nanoparticles can be used not only to immobilize AFP antibody (anti-

AFP) but also to prepare “magnetic graphene” probes. More importantly, the magnetic probes can be 

modified or removed from the surface of SPCEs in magnetic field. All these steps can make the 

electrode’s surface renewable and simplified the electrode’s modification steps.  

In this paper, we have developed a novel and simple ECL immunosensor based on the highly 

intense ECL of PDDA-G@Lu-Au coupled with excellent biocompatibility and stability of GMPs 

labeled first antibody (anti-AFP~GMP). In this study, GMPs as supporting material, not only perform 

the rapid separation and purification of signal antibody on magnetic field, but also enhances the fixed 

capacity of Ab1 to improve detection range. Furthermore, the magnetic probes were readily 

immobilized on the working electrode of SPCEs by magnets, therefore, the electrode do not require 

complex modification and cleaning as traditional electrochemical immunesensors. In addition, the 

PDDA-G@Lu-Au composites exhibited dual amplification since PDDA-G could adsorb large amount 

of reporter molecules (Lu-Au) and gold particles could provide large active surface to load more HRP. 

Thus the GMPs~Ab1/AFP/HRP-Ab2~Au-Lu@PDDA-G magnetic probes were easy to control and 

have strong ECL signal. The experimental results indicated that the immunosensor exhibited good 

performance for detection of AFP with a wide linear range and a low detection limit. 

 

 

 

2. EXPERIMENTAL PART 

2.1. Reagents and Materials  

Alpha-fetoprotein antibody (Anti-AFP, 1 mg mL
-1

) was from Biocell Company (Zhengzhou, 

China). Luminol, Horseradish peroxidase (HRP EC 1.11.1.7, RZ>3.0, A>250 U/mg) and PDDA (MW: 

100,000–200,000 g·mol
-1

, in 20% aqueous solution) were purchased from Sigma Co. Ltd. Hydrogen 

tetrachloroaurate (III) tetrahydrate (HAuCl4·4H2O) and BSA (96~99%) were bought from Sinopharm 

Group Chem. Re. Co., Ltd. (Shanghai, China). Phosphate buffered solution (PBS, pH 7.4) was 

prepared using 0.1 M Na2HPO4, 0.1 M KH2PO4 and 0.1 M KCl.  Blocking buffer solution consisted of 

a PBS with 3% (w/v) BSA and 0.05% (v/v) Tween 20.  Washing buffer solution consisted of a PBS 

with 0.1 M NaCl and 0.05% (v/v) Tween 20 (PBST). 

All other chemicals were of analytical grade and all solutions were prepared with doubly 

distilled water. 

 

2.2. Apparatus 

ECL experiments were carried out using a MPI-B model electrochemiluminescence analyzer 

(Xi’an Remax Electronic Science &Technology Co. Ltd., Xi’an, China) with the voltage of the 

photomultiplier tube being set at 800 V. The Transmission electron microscope (TEM) images were 

obtained using a HITACHI H-7650 (Hitachi, Japan). UV-Vis images were carried out using a TU-
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1901UV-Vis spectrometer from Beijing Purkinje General Instrument Co. (Beijing, China). The X-ray 

powder diffraction (XRD) images were obtained using a Bruker D8 Advance diffractometer (Bruker, 

Germany). SPCEs (4 mm diameter) were purchased from DropSens Corporation (Spain), which 

consists of a carbon working electrode, a carbon auxiliary electrode and an Ag/AgCl reference 

electrode. 

 

2.3. Preparation of GMP~Ab1   

The synthesis of Fe3O4 magnetic NPs was achieved in a typical procedure according to 

reference [35]. Core–shell Fe3O4@Au NPs (GMPs) were prepared by growing Au layers onto the 

surface of the Fe3O4 as described by Williams [36]. The GMPs were obtained and dispersed in distilled 

water to a final volume of 10 mL. 1.0 mL GMPs solution was initially adjusted to pH 8.2 using 

Na2CO3, and then 1.0 mL of the original anti-AFP was added into the mixture and incubated for 24 h 

at 4 °C with slightly stirring. After magnetic separation, the obtained GMP~Ab1 bioconjugates were 

incubated with 3.0% BSA for 1 h to block the unreacted and nonspecific sites. The synthesized 

GMP~Ab1 bioconjugations were stored in 2 mL of pH 7.4 PBS at 4 °C when not in use. The final 

product obtained was shown in scheme 1.  

 

 
 

Scheme 1. Schematic illustration of the preparing procedures of GMP~anti-AFP probes 

 

2.4. Preparation of PDDA-G@ Lu -Au ~HRP-Ab2 

Luminol functionalized Au NPs (Lu-Au) with a diameter of 20 nm were prepared by reducing 

AuCl4
−

 ions with 0.01 mol L
-1

 luminol and stored at 4 
o
C, according to reference [37]. The unreacted 

reagents were removed via dialysis for 2 days with distilled water about six times under stirring by use 

of a 3500 molecular weight cut-off dialysis membrane to obtain Lu-Au NPs. 

Graphene Oxide (GO) dispersion was prepared from graphite according to a modified 

Hummer’s method [38] and its concentration was estimated by calibration curve from the absorbance 

at 231 nm in the UV–Vis spectra. PDDA-G was prepared according to Liu’s method [27] and 

redispersed in water with a final concentration of 1.0 mg mL
-1

. Then, 4 mL of the as-prepared PDDA-

G dispersion was added into 20 mL Lu-Au NPs solution and sonicated for 30 min. After 

centrifugation, the colorless supernatant was casted and the obtained PDDA-G@Lu-Au composites 

were further washed with water for three times and redispersed in 8 mL water for further use. 
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50 μL Ab2 (10 μg mL
-1

) and 100 μg HRP were added to 1.0 mL above PDDA-G@Lu-Au 

composite solution and shaken 24 h at 4 
o
C. After centrifuged at 20,000 rpm, the obtained 

bioconjugates (PDDA-G@Lu-Au~HRP-Ab2) were blocked with 3% BSA for 1 h at 4 
o
C, and then 

washed with PBS (pH 7.4) solution for at least three times, resuspended in 1.0 mL PBS (pH 7.4) that 

contained 0.1% BSA solution and stored at 4 °C for further work. The procedure was shown in 

Scheme 2. 

 

 
 

Scheme 2. Schematic illustration of the preparing procedures of PDDA-G@Lu-Au~HRP-Ab2 

 

2.5. Preparation of the magnetic sandwich-type immunocomplexes 

The schematic of the fabrication process was shown in Scheme 3. The immunocomplexes were 

prepared as follows: a mixture of 50 μL Fe3O4@ Au, 50 μL different concentrations of AFP and 50 μL 

RuL-MWNTs@Au~RuL-Ab2 was prepared and placed for 20 min at room temperature. After that, the 

PDDA-G@Lu-Au~HRP-Ab2/AFP/Ab1~GMP sandwich-type immunocomplexes were obtained by 

magnet, washed with PBST solution three times, dispersed in 50 μL PBS (pH 7.4) and stored at 4 °C 

for ECL tests. 

 

 
 

Scheme 3. The preparing procedures of the magnetic sandwich-type immunocomplexes. 
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2.6. ECL Measurements 

The immunoassay procedure was illustrated in Scheme 4. For each test, 5 μL magnetic 

sandwich-type immunocomplex solution prepared with different concentrations of target AFP was 

attached on the cleaned SPCE surface with an NdFeB permanent magnet, ECL measurements were 

then performed in 35 μL CBS (pH 9.8) containing 2.0 mM H2O2 with a photomultiplier tube voltage of 

800 V. 

 

 
 

Scheme 4. The process of ECL measurements. 

 

 

 

3. RESULTS AND DISCUSSION 

3.1. Characterization of GMPs~Ab1 and PDDA-G@Lu-Au~HRP-Ab2 immunecomplexes 

In this work, the GMPs were used to label anti-AFP (Ab1) because its high specific surface 

area may enhance the immobilized capacity toward Ab1. And PDDA-G matrix loaded with Lu-Au 

NPs, named PDDA-G@Lu-Au, was prepared as ECL signal amplification labels and immobilization 

substrates for HRP and AFP signal antibody (Ab2).  

TEM images showed that both Fe3O4 and GMPs were of well spherical structure and preferable 

monodisperisity in size. The average diameter of Fe3O4 nanoparticles and GMPs were about 20 nm 

(Fig. 1-a) and 40 nm (Fig. 1-b), respectively. Upon deposition of gold shell to the Fe3O4 nanoparticles, 

the diameters of the particles increased by about 20 nm, demonstrating that the Au shell was about 20 

nm thick. And PDDA-G and PDDA-G@Lu-Au membrane also were characterized using TEM. As can 

be seen, an obvious difference could be discerned between the microstructures of PDDA-G (Fig. 1-c) 

and PDDA-G@ Lu-Au (Fig. 1-d), demonstrates that some individual Lu-Au NPs (~20 nm diameter) 

and cluster-shape Lu-Au NPs were successfully assembled on the surface of PDDA-G nanosheets. 
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(a)                               (b)                                   (c)                              (d) 

 

Figure 1. TEM images of (a) Fe3O4; (b) GMP; (c) PDDA-G; (d) PDDA-G@Lu-Au 

 

In Figure 2A, the XRD spectra for Fe3O4, Au, and Fe3O4@Au nanoparticles were compared. 

The data (curve b) showed diffraction peaks at 2θ) 38.2°, 44.4°, 64.6°, 77.5°, and 81.7°, which can be 

indexed to (111), (200), (220), (311), and (222) planes of gold in a cubic phase, respectively (JCPDS 

no. 04-0784). Clearly, the XRD peaks for Fe3O4@Au nanoparticles (curve A-c) were similar to that for 

Au nanoparticles (curve A-b), but different from that for Fe3O4 nanoparticles (curve A-a). The absence 

of any diffraction peaks for magnetite was most likely due to the heavy atom effect from gold [39] as a 

result of the formation of Au-coated Fe3O4 nanoparticles. The fact provided strong evidence for 

complete coverage of the oxide core by Au supporting our TEM data, which supported the formation 

of Fe3O4@Au core-shell nanoparticles. And (Fig. 2B) showed that the GO (curve B-a) had a peak 

centered at 10.0°, while the reduction with hydrazine, no obvious peak was observed in PDDA-G 

(curve B-b), indicating the completely reduction of GO. After PDDA-G assembled with Lu-Au NPs, 

obvious peaks of Au NPs were observed (curve B-c), indicating the Lu-Au NPs assembled on the 

surface of PDDA-G, which was in accordance with TEM data. 
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Figure 2. XRD images of A: a, Fe3O4 NPs; b, Au NPs; c, GMPs. B: a, GO; b, PDDA-G; c, PDDA-

G@Lu-Au.  

 

Measurements of the surface plasmon (SP) resonance band of the nanoparticles provided an 

indirect piece of evidence supporting the formation of GMPs core-shell morphology. Figure 3A shows 
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a typical set of UV-vis spectra comparing Fe3O4 (curve A-a) and GMPs (curves A-c). In contrast to the 

largely silent feature in the visible region for Fe3O4 particles, GMPs show a clear SP band at 532 nm. 

This band showed a red-shift in comparison with pure Au nanoparticles (curve A-b, 520 nm), 

indicating that the core–shell Fe3O4@Au NPs were formed by the deposition precipitation method. In 

addition, the anti-AFP molecules being labeled onto the surface of the GMPs, two absorption peaks at 

280 and 540 nm were observed (curve A-e). One peak originated in the synthesized GMPs, another 

derived from the absorption peak of anti-AFP proteins (curve A-d, 280 nm). On the basis of the above 

results, it can be concluded that GMPs~Ab1 conjugation was successfully prepared and could be used 

in the electrochemiluminescence ELISA.  

In Figure 3B, the as-prepared luminol-capped gold nanoparticles (Lu-Au NPs) (curve B-b) 

appeared a strong characteristic absorption peak at 530 nm caused by surface plasmon resonance. 

PDDA-G (curve B-a) showed a strong absorption peak at 270 nm which referred to π→π* transitions 

of aromatic C=C bond indicating the restoration of the π-conjugation network of the grapheme 

nanosheets. Meanwhile, the band of n→π* transition of C=O at about 300 nm was disappeared hinting 

the complete reduction of EGO [40]. After the Lu-Au NPs were assembled, the characteristic peak of 

Lu-Au NPs was observed in PDDA-G@Lu-Au (curve B-c) at 534 nm which indicated the efficient 

adsorption of Lu-Au NPs onto the PDDA-G nanosheets surface. Furthermore, the anti-AFP and HRP 

molecules being labeled onto the surface of the PDDA-G@Lu-Au, Three absorption peaks at 280, 400 

and 534 nm were observed (B-e), One peak originated in the synthesized PDDA-G@Lu-Au (534 nm), 

the others derived from the absorption peaks of HRP (curve B-d, 400 nm) and anti-AFP (280 nm). In 

addition, one absorption peak of PDDA-G@Lu-Au (270 nm) was disappeared since the absorption 

peaks at 270 nm and 280 nm overlapped. 
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Figure 3. UV-Vis absorption spectra of A: a, Fe3O4 NPs; b, Au NPs; c, GMPs; d, anti-AFP (Ab1); e, 

GMPs~ Ab1 conjugation. B: a, PDDA-G; b, Lu-Au NPs; c, PDDA-G@Lu-Au; d, HRP; e, 

PDDA-G@Lu-Au~HRP-Ab2 conjugation. 

 

3.2. ECL behavior of ECL immunosensor 

The ECL behavior of the immunosensor was studied with a step potential in CBS containing 

2.0 mM H2O2. To gain a better understanding of the ECL signal generation, Fig. 4a–d showed the ECL 
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signals of the bare SPCE, Ab1~GMPs/ SPCE, AFP/ Ab1~GMPs / SPCE, and PDDA-G@Lu-

Au~HRP-Ab2/AFP/ Ab1~GMPs /SPCE, respectively. The results indicated that only the SPCE 

immobilized with PDDA-G@Lu-Au~HRP-Ab2 could produce ECL signals. Therefore, the ECL 

signals were from the PDDA-G@Lu-Au composites, which were due to the reaction of luminal 

radicals electro-oxidized by luminol with H2O2 under the catalysis of AuNPs and HRP [41, 42]. 
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Figure 4. ECL signals under pulse potential obtained (a) on a bare SPCE, (b) on a 

AFP/Ab1~GMPs/SPCE, (c) on a AFP/Ab1~GMPs/SPCE, (d) on a PDDA-G@Lu-Au~HRP-

Ab2/AFP/ Ab1~GMPs /SPCE. All ECL signals were measured in 0.02 mol L
-1

 CBS (pH 9.8) 

solution containing 2.0 mM H2O2.AFP, 1 ng mL
-1

; initial potential, 0 V; pulse period, 30 s; 

final potential, 0.8 V. 

 

3.3. Optimal conditions for ECL reaction 

It is well known that the ECL performance of luminol and its derivatives greatly depends on 

pH of the solution. The effect of pH in the range of 8.6–11.2 (CBS, 0.02 mol L
-1

) was examined. The 

maximal ECL intensity was obtained at pH 9.8 (Fig 5A). Therefore, pH 9.8 was used in the following 

experiments. 

The change of ECL intensity with the concentration of H2O2 was shown in Figure 5B. From 

Figure 5B, it can be seen that the ECL intensity markedly enhanced after the addition of H2O2. The 

ECL intensity increased with the increase of the concentration of H2O2 and reached a maximum at 2.0 

mM. This trend might be caused by of the co-oxidation function of H2O2. When the concentration of 

H2O2 was higher than 2.0 mM, the ECL intensity decreased. Therefore, 2.0 mM H2O2 was selected in 

the following experiments. 

The immunoreaction time is an important parameter for the GMP~Ab1, AFP and the specific 

recognition of PDDA-G@Lu-Au~HRP-Ab2 in the tube. By increasing the immunoreaction time, the 

ECL signal increased and reached a plateau after 35 min (Fig 5C), indicating a tendency to complete 

immunoreaction in the tube. Therefore, the optimal immunoreaction time was 35 min. 
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The sensitivity of the proposed immunosensor is relied on the formation of the 

immunocomplex on the electrode which is dependent on the amount of HRP and Ab2 conjugated on 

the PDDA-G@Lu-Au. More HRP molecules on the PDDA-G@Lu-Au will enhance the ECL intensity. 

However, an excessive amount of HRP will also reduce the quantity of Ab2 and weaken the binding 

between PDDA-G@Lu-Au, AFP and GMP~Ab1. To obtain the best performance of the 

immunosensor, PDDA-G@Lu-Au modified with HRP and Ab2 at different mass ratios were 

synthesized and used for the construction of the immunocomplex (Fig 5D). As shown, the maximal 

ECL signal was achieved at a mass ratio of HRP to Ab2 of 200. Thus, the functionalized PDDA-

G@Lu-Au synthesized in the solution with a mass ratio of HRP to Ab2 of 200 was employed in the 

modification of PDDA-G@Lu-Au for the following immunosensors construction. 

 

8.5 9.0 9.5 10.0 10.5 11.0 11.5
0

500

1000

1500

2000

2500

 

  

(A)

pH 

E
C

L
 i

n
te

n
s
it

y
 (

a
.u

)

0 2 4 6 8
0

3000

6000

9000

12000

15000

 

  

(B)

H
2
O

2
/ mm

E
C

L
 i

n
te

n
s
it

y
 (

a
.u

)

0 10 20 30 40 50

4000

6000

8000

10000

12000

14000

Time / min

 

  

(C)

E
C

L
 i

n
te

n
s
it

y
 (

a
.u

)

 

20/1 50/1 100/1 150/1 200/1 300/1 400/1

2000

4000

6000

8000

10000

12000

 

 

 

 

(D)

E
C

L
 i

n
te

n
s
it

y
 (

a
.u

)

HRP / anti-AFP (Ab2)  

 

Figure 5. Effects of A) pH, B) H2O2 concentration, C) immunoreaction time, and D) HRP/anti-AFP 

(Ab2) ratio on ECL intensity. All ECL signals were measured in 0.02 mol L
-1

 CBS (pH 9.8) 

solution containing 2.0 mM H2O2; AFP, 10 ng mL
-1

; initial potential, 0 V; pulse period, 30 s; 

final potential, 0.8 V. 

 

3.4. Performance of the ECL immunosensor 

Under selected conditions, the highly sensitive label of the magnetic sandwich-type 

immunocomplexes was then used to construct ECL immunosensors for AFP detection. The magnetic 
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sandwich-type immunocomplexes named PDDA-G@Lu-Au~HRP-Ab2/AFP/Ab1~GMPs were formed 

through antigen-antibody interaction in the presence of different concentrations of AFP. Then they 

were attached on SCPEs by magnet for ECL measurements. As the amount of PDDA-G@Lu-

Au~HRP-Ab2/AFP/Ab1~GMPs sandwich-type immunocomplexes immobilized on the SCPEs was 

determined by the concentration of AFP, the ECL intensity (EI) of immobilized luminol in the 

presence of H2O2 could provide a sensitive output signal for AFP quantitative detection.  

As shown in Figure 6, EI increased with the increasing of AFP concentration ranging from 

0.002 to 20 ng mL
–1

. A linear relation between the ΔEI and the logarithm of AFP concentration was 

obtained ΔEI = 8174.8 + 2925.3[Log (cAFP/ng·mL
−1

)] with a correlation coefficient R = 0.9956. The 

detection limit was 0.2 pg·mL
–1

 (3σ). In order to make a comparison, the PDDA-G@Lu-

Au~Ab2/AFP/ Ab1~GMPs (Figure 6B-b) and Lu-Au~Ab2/AFP/Ab1~GMPs (Figure 6B-c) sandwich-

type immunocomplexes modified electrodes without HRP or PDDA-G were also evaluated, 

respectively. Compared with the proposed immunosensor (Figure 6B-a), a lower ECL response was 

observed.  

To further highlight the advantages of the ECL immunosensors, the analytical properties of the 

developed immunoassay were compared with those of other AFP immunosensors reported previously. 

As shown in Table 1, it is obvious that the LOD of our sensor was lower than others. The results 

indicated that with the large surface area of PDDA-G, more amount of signal
 
molecules (luminal) were 

immobilized on the proposed immunosensor. And the large amount of HRP absorbed onto the Au-NPs 

surface also enhanced the ECL signal. Thus the proposed ECL immunosensor based on the PDDA-

G@Lu-Au~HRP-Ab2 immunocomplexes can greatly improve the detection sensitivity.  
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Figure.6. A) The schematic illustration of the ECL profiles of the immunosensor before (0.00 ng 

mL
−1

) and after (0.002 ng mL
−1

-20 ng mL
−1

) incubating in different concentration of AFP. 

Insert: the relationship between ECL signals towards log of different AFP concentrations. B) 

The calibration curve of the immunosensor modified with PDDA-G@Lu-Au~HRP-Ab2 (a); 

PDDA-G@Lu-Au~ Ab2 (b) and Lu-Au~ Ab2 (c) immunocomplexes. 
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Table 1. Comparison of analytical properties of various AFP immunosensors and immunoassays. 

Assay method Detection antibody 
LOD  

(/ng mL
–1

) 
Ref. 

Electrochemistry ELISA 
PB@HAP~HRP-anti-AFP 0.009 [43] 

Carbon nanospheres~HRP-anti-AFP 0.02 [44] 

Voltammetric ELISA HRP-anti-AFP 3.7 [45] 

Chemiluminescence HRP-anti-AFP 0.23 [46] 

Photoelectrochemistry Label-free 0.04 [47] 

Electrochemiluninescence 
Ru-silica@Au~anti-AFP 0.03 [12] 

PDDA-G@Lu-Au~HRP-anti-AFP 2.0×10
-4

 This work 

 

3.5 Specificity for the detection of AFP 

To investigate the selectivity and validate the sensor performance for AFP detection, the 

proposed immunosensor was tested using human plasma as matrix. The immunosensor was incubated 

in human plasma samples spiked with 10.0 ng mL
-1

 AFP and different possible interfering agents such 

as CEA, HIgG, BSA, HCG, DA and CA19-9. No remarkable ECL response change was observedfor 

the mixed sample in comparison to the result obtained only in the presence of AFP (Fig .7), indicating 

good selectivity for determination of AFP. 
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Figure 7. Selectivity analysis of the ECL immunosensor in the presence of different interferents. The 

concentrations of the interferents were: CEA (10 ng mL
-1

), HIgG (10 ng mL
-1

), BSA (1 µg mL
-

1
), HCG (10 ng mL

-1
), DA (1 µg·mL

-1
), CA19-9 (10 ng mL

-1
). All ECL signals were measured 
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in 0.02 mol L
-1

 CBS (pH 9.8) solution containing 2.0 mM H2O2; initial potential, 0 V; pulse 

period, 30 s; final potential, 0.8 V. 

 

3.6. Determination of AFP in human serum samples 

Table 2. The recovery of the proposed immunosensor in human serum. 

 

Sample number Added (/ng mL
–1

) Found (/ng mL
–1

) Recovery (/ %) 

1 0.050 0.053±0.003 106.0 

2 0.50 0.46±0.02 92.0 

3 2.00 2.12±0.20 106.0 

4 5.00 4.82±0.30 96.4 

5 10.0 10.27±0.38 102.7 
1
Mean value ± SD of three measurements 

 

In order to investigate the possible application of this immunosensor in clinical analysis, 

recovery experiments were performed by standard addition methods in human serum. The 

experimental results were shown in Table 2 and the recovery was in the range from 92.0% to 106.0%, 

which indicated that the developed sensor might be applied for the determination of AFP in human 

serum for routine clinical diagnosis. 

 

3.7. The stability of PDDA-G@Lu-Au~HRP-Ab2 and GMPs~Ab1 immunecomplexes 

On the other hand, the stability of the PDDA-G@Lu-Au~HRP-Ab2 and GMPs~Ab1 

immunecomplexes was tested. In order to do that, different centrifuge tubes containing the same 

amount of conjugates were prepared on the same day and stored in a refrigerator at 4 ◦C. Thereafter, 

each conjugate was used to measure the analytical signal for 10 ng mL
−1

 AFP during a period of time 

of 35 days. The RSD value obtained (n = 6) was 5.6% which demonstrated excellent stability of the 

PDDA-G@Lu-Au~HRP-Ab2 and GMPs~Ab1 conjugates for at least 35 days provided they were 

stored in refrigerator at 4 ◦C. 

 

 

4. CONCLUSIONS 

In this paper, one type of PDDA-G@Lu-Au probes was successfully prepared by a simple 

synthetic method. The obtained PDDA-G@Lu-Au composite particles could be an ideal substrate for 

antibody and HRP immobilization with high luminol capacity load efficiency, good stability and 

bioactivity. Furthermore, multilabel-antibody functionalized Fe3O4 (core)/Au (shell) composites were 

also prepared and applied as labels in sandwich electrochemiluminescence immunoassay. Due to the 

dual signal amplification strategy of PDDA-G-based particles and high luminol capacity of the probe, 

the electrochemiluminescence response of the fabricated immunosensor is greatly enhanced and 
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achieved the sensitive detection of AFP. Furthermore, the magnetic sandwich-type immunocomplexes 

can be modified and removed from its surface by magnetic field added on the flat bottom of SPCEs, 

The proposed electrochemiluminescence immunosensor is large since point-of-care analyses would 

reduce costs, minimize sample decomposition, facilitate on-the-spot diagnosis, and alleviate patient 

stress. Therefore, this novel dual amplified strategy opened a new door to broaden the potential 

applications of early diagnosis in cancer in clinical research. 
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