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ABSTRACT: 

Carbon nanomaterials were usually exploited as nanocarriers in electrochemical 

immunosensor, but rarely acted as redox nano-probes. Herein, our motivation is to 

adequately utilize the inner redox activity of fullerene (C60) to obtain a new type of 

redox nano-probe based on a hydrophilic C60 nanomaterial. Firstly, C60 nanoparticles 

(C60NPs) were prepared by phase-transfer method and functionalized with 

amino-terminated polyamidoamine (PAMAM) to obtain the PAMAM decorated 

C60NPs (PAMAM-C60NPs) which have better hydrophilicity compared to that of 

unmodified C60NPs and possesses abundant amine groups for further modification. 

Following that, gold nanoparticles (nano-Au) were absorbed on PAMAM-C60NPs 

surface, and the resultant Au-PAMAM-C60NPs were employed as a new type of redox 

nano-probe and nanocarrier to label detection antibodies (Ab2). Doping control has 

become the biggest problem facing international sport. Erythropoietin (EPO) as a 

blood doping agent has been a hotspot in doping control. After sandwich-type 

immunoreaction between EPO (as a model) and Ab2-labeled Au-PAMAM-C60NPs, 

the resultant immunosensor was further incubated with a drop of tetraoctylammonium 

bromide (TOAB) which acts as booster to arouse the inner redox activity of 

Au-PAMAM-C60NPs, thus a pair of reversible redox peaks is observed. As a result, 

the proposed immunosensor shows a wide linear range and a relatively low detection 

limit for EPO. This strategy paves a new avenue for exploring the redox nano-probe 

based on carbon nanomaterials in electrochemical biosensor filed. 
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� INTRODUCTION 

Doping abuse has worsened considerably over recent years to become the biggest 

problem facing international sport.
1
 Erythropoietin (EPO) is the most important 

peptide hormone (MW circa 34 KDa) that as a blood doping agent has been a hotspot 

in doping control area in recent years.
2,3

 Therefore, a highly sensitive analytical 

method for the detection of EPO is strongly desired. As an important research area of 

analytical chemistry, electrochemical immunoassay has gained considerable interest 

for its intrinsic advantages such as high sensitivity, low cost and good portability.
4,5 

Because most immune proteins are not intrinsically able to act as redox partners in an 

immunoassay reaction, the effective immobilization of redox molecule is a key step in 

the construction of sandwich-type immunosensor, which determines the detection 

limit, linear range and sensitivity.
6
 Initially, the most immunoreactions are based on 

the addition of redox molecules (i.e., potassium hexacyanoferrate, thionine, ferrocene) 

into testing solution to monitor the current response before and after the specific 

binding of antibody and antigen.
7
 Recently, the label of redox molecule with detection 

antibodies (Ab2), especially combined with nanomaterial (carbon nanotubes, graphene) 

has been mainstream strategy to construct a sandwich-type immunosensor, which 

avoided the addition of redox molecules to the solution.
8,9

 Very recently, nanomaterial 

itself as redox probe (such as Prussian blue, metallic hexacyanoferrates) has been 

widely used because of (i) enhancing the amount of immobilized biomolecules as 

nanocarriers and (ii) avoiding the leakage of redox molecules efficiently.
10-12

 

Therefore, searching for a new type of nanomaterial-based probe with intrinsic redox 
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 4 

 

activity, good biocompatibility and chemical stability is still highly desired. 

Inspiringly, carbon nanomaterials as nanocarriers, especially carbon nanotubes 

and graphene have been widely applied in the areas of electrochemical biosensors,
13-16

 

owing to theirs high electronic conductivity, large specific surface area and good 

biocompatibility.
17-21

 Fullerene (C60), a zero-dimensional carbon, is another rapidly 

rising star on the horizon of materials science.
22

 Importantly, excepting for the above 

advantages of carbon nanotubes and graphene,
23-25

 C60 owned its inner redox activity, 

such as strong electron-accepting capacity and ability to form corresponding anionic 

species.
26,27

 For example, Song et al.
28

 and Liu et al.
29

 have demonstrated that C60 

embedded in tetraoctylammonium bromide (TOAB, a cationic surface active agent) 

organic film for modifying electrode (C60/TOAB/GCE) shows reversible cyclic 

voltammograms (CVs) due to electrochemical reaction occurs at the 

oxidation-reduction for generation of C60/C60
-
, C60

-
/C60

2-
 and C60

2-
/C60

3-
. Wu and 

co-workers
30

 reported that zinc porphyrin-fullerene derivative (ZnP-C60) was 

entrapped in TOAB-toluene film to modify electrode (ZnP-C60/TOAB/GCE) and 

reversible electrochemical redox peaks were also observed. Based on the above 

observations, the possible mechanism of electrochemical behavior for C60 in 

TOAB-toluene film may be that the positively charged cations tetraoctylammonium 

(TOA
+
) made the electron cloud of C60 is uneven distribution and easy to polarize. 

After CV scanning, TOA
+
 could act as booster to arouse the inner redox activity of 

C60 and favor the generation of the negatively charged anions of C60 (C60
n-

) in the film. 

Thus, C60 embedded in TOA
+
 organic film, can easily realize electrochemical redox 
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 5 

 

reactions but the redox activity of C60 in aqueous media is inhibited because the water 

solubility of C60 is very poor and the electrochemical behavior of C60 in aqueous is 

unstable and irreversible.
31

 To the best of our knowledge, so far, there is no report 

focusing on using a hydrophilic C60-based nanomaterial as redox probe for the 

construction of sandwich-type electrochemical immunosensor. 

Our motivation in this work was to adequately utilize the inner redox activity of C60 

to obtain a new type redox nano-probe for the detection of EPO. To prepare a 

hydrophilic C60-based redox nano-probe, C60 nanoparticles (C60NPs) were first 

prepared by phase-transfer method and functionalized with amino-terminated 

polyamidoamine (PAMAM) which is a hyper-branched and three-dimensional 

structure with good structural homogeneity and high density of surface active 

groups.
32-34

 The PAMAM decorated C60NPs product (PAMAM-C60NPs) have better 

hydrophilicity compared to that of unmodified C60NPs and possesses abundant amine 

groups on the surface for further modification. After that nano-Au were absorbed on 

PAMAM-C60NPs surface via amino-Au affinity, and the resultant 

Au-PAMAM-C60NPs were employed as a new redox nano-probe and nanocarrier to 

label Ab2. The immunosensing interface was constructed by effective and directional 

immobilization of capture antibodies (Ab1) via the bridging of protein A (PA)
35

 on the 

Au nanodendrites (AuNDs) decorated glassy carbon electrode (GCE). After 

sandwich-type immunoreaction between EPO and Ab2-labeled Au-PAMAM-C60NPs, 

the resultant immunosensor was incubated with a drop of TOAB for 10 min and 

detected in 0.1 M PBS. To our surprise, the inner redox activity of C60-based 

Page 5 of 25

ACS Paragon Plus Environment

Analytical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 6 

 

nanomaterial (Au-PAMAM-C60NPs) was aroused and a pair of reversible redox peaks 

between -0.45 and 0.3 V in CVs was obtained. Scheme 1 outlines the synthetic 

process of Au-PAMAM-C60NPs and the fabrication of the immunosensor, which are 

discussed in detail in the Experimental Section. 

 

Scheme 1. Schematic Illustration of the Immunosensor Preparation Process and Possible 

Mechanism of Electrochemical Reaction. 

� EXPERIMENTAL SECTION 

Reagents and Material. Erythropoietin (EPO) and EPO antibody (anti-EPO, 

monoclonal antibody) were purchased from SCIPROGEN Bio-pharmaceutical Co. 

(Shenzhen, China). Fullerene (C60) was provided by Pioneer Nanotechnology Co. 

(Nanjing, China). Fifth generation (G 5.0) amino-terminated polyamidoamine 

(PAMAM) dendrimer was supplied by Aldrich (St. Louis, MO, USA). Protein A (PA), 
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 7 

 

bovine serum albumin (BSA) and gold chloride (HAuCl4) were obtained from Sigma 

Chemical Co. (St. Louis, MO, USA). Tetraoctylammonium bromide (TOAB, 98%) 

was purchased from J&K Scientific. Aqueous solutions were prepared using doubly 

distilled water. Phosphate buffered solution (PBS) as working buffer was employed to 

investigate the performance of electrodes, which was prepared by mixing Na2HPO4, 

KH2PO4 and KCl at a concentration of 0.1 M (pH 7.4). 

Apparatus and Measurements. Electrochemical experiments including cyclic 

voltammetry (CV), differential pulse voltammetry (DPV) and electrochemical 

impedance spectroscopy (EIS) measurements were recorded with CHI 852C 

workstation (CH Instruments Co., China). All experiments were performed in a 

conventional three-electrode system: a modified glassy carbon electrode (GCE, 4 mm 

diameter) as the working electrode, a saturated calomel electrode (SCE) as the 

reference electrode and a platinum wire as the auxiliary electrode. The morphology of 

PAMAM-C60NPs was characterized by transmission electron microscopy (TEM, 

Hitachi 600, Japan) at an acceleration voltage of 80 kV. Scanning electron 

micrographs (SEM) were taken with a Hitachi S4800 scanning electron microscope at 

an acceleration voltage of 20-30 kV. X-ray photoelectron spectroscopy (XPS) analysis 

was carried out using a VG Scientific ESCALAB 250 spectrometer 

(Thermoelectricity Instruments, U.S.A.). 

Computational Details. All calculations were carried out with Gaussian 09 

package using density functional theory (DFT)
36

. The B3LYP approach was used in 

theoretical calculations
37

. In this work, the geometries of C60 and C60
-
 was optimized 
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 8 

 

using the 6-31G basis set. Vibrational frequency calculations done at the 

B3LYP/6-31G level of theory were used to confirm all of the stationary points 

(NIMAG 0). Electrostatic potential images were made by GuassView 5.0 using the 

optimized structures of C60 and C60
-
. 

Preparation of PAMAM-C60NPs. PAMAM-C60NPs were prepared by 

phase-transfer method by adding PAMAM ethanol solution into C60 toluene solution. 

In a typical experiment, 1 mg amino-terminated PAMAM was first dissolved in 1 mL 

aqueous solution, and then 4 mL ethanol was added. Next, the PAMAM mixture 

solution mentioned above was added to 1 mL C60 toluene (1.5 mM) under continuous 

stirring to obtain abundant -NH2 groups on the surface of C60NPs. After the reaction 

for 36 h, the solution was centrifuged and washed respectively with ethanol and 

doubly distilled water for three times. And then it was dispersed in 2 mL of 0.1 M 

PBS (pH 7.4). The obtained PAMAM-C60NPs was characterized by TEM (Scheme 

1A). It can be seen that a lot of C60NPs have been adsorbed on PAMAM 

polymerization fiber to form PAMAM-C60NPs, indicating the successful preparation 

of PAMAM decorated C60NPs. 

Preparation of Au-PAMAM-C60NPs. First, gold nanoparticles (nano-Au) were 

prepared according to the literature.
38 

Later, nano-Au solution was added into the 

above PAMAM-C60NPs solution (1 mL), and the mixture was stirred at 4 °C for 8 h. 

Then the product of Au-PAMAM-C60NPs was obtained via amino-Au affinity. 

Afterwards, the mixture was centrifuged (8,000 rpm) for 15 min, the upper solution 

was removed, and the lower product was washed several times with doubly distilled 
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 9 

 

water. 

Preparation of Au-PAMAM-C60NPs Labeled Ab2. 100 µL Ab2 was slowly 

added into 1 mL Au-PAMAM-C60NPs solution under softly stirring and incubated for 

8 h at 4 °C via amino-Au affinity between nano-Au of Au-PAMAM-C60NPs and -NH2 

of Ab2. The obtained Ab2 bioconjugate (Ab2-labeled Au-PAMAM-C60NPs) was 

collected by centrifugation (8,000 rpm) for 20 min to discard excess reagents and 

finally dispersed in 1 mL PBS and stored at 4 °C for further usage. 

Fabrication of the Sensing Interface. To obtain a mirror-like surface, a glassy 

carbon electrode (GCE, with diameter of 4 mm) was sequentially polished with 0.3 

and 0.05 µm alumina slurries, followed by ultrasonic treatment in ethanol and doubly 

distilled water. The GCE was then allowed to dry at room temperature (RT). In order 

to obtain a large conductive surface area, a thin layer of Au nanodendrites (AuNDs) 

was electrochemically deposited onto the pretreated GCE under constant potential 

electrolysis of 0.0 V for 600 s in the electrolyte containing 2.5 mM HAuCl4, 0.5 M 

H2SO4 and 150 mM EDA according to the literature.
39

 Afterwards, the AuNDs/GCE 

was immersed into 0.2 mg mL
-1

 PA solution and incubated for 6 h for directional and 

highly efficient immobilization of antibodies. Following that, the prepared 

PA/AuNDs/GCE was incubated with 0.5 mL of capture EPO antibodies (abbreviated 

as Ab1) at 4 °C for 12 h. Finally, the resultant immunosensor was incubated with 20 

µL of 1% BSA solution for 0.5 h to block the non-specific binding sites to obtain 

BSA/Ab1/PA/AuNDs/GCE. 
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Measurement Procedure. The measurement was based on the typical procedure of 

sandwich-type immunoreactions. Before measurement, the as-prepared immunosensor 

was incubated with various concentrations of 20 µL EPO samples for 1 h at 37 ºC. 

Subsequently, the immunosensor was further incubated with 20 µL of the prepared 

Ab2 bioconjugates (Ab2/Au-PAMAM-C60NPs) at 37 ºC for 1 h. After each step, the 

electrode was washed by using PBS to remove the physically absorbed species. Lastly, 

the resultant immunosensor was incubated with a drop of TOAB toluene (10 mM) for 

10 min, which acts as booster to arouse the inner redox activity of 

Au-PAMAM-C60NPs. Finally, the obtained immunosensor was detected in 0.1 M PBS 

(pH 7.4) at RT. 

� RESULTS AND DISCUSSION 

The Stepwise Immunosensor Fabrication by SEM Characterization. The 

stepwise immunosensor fabrication processes were monitored by SEM. Fig. 1A 

showed that AuNDs were straightforwardly electrodeposited on the conductive glass, 

we can found that well-defined dendritic structures are arranged along a backbone 

with symmetrical side branches. Upon the immobilization of PA on the AuNDs 

surface, an image with a blurry surface was observed (Fig. 1B), which is distinct from 

that of Fig. 1A, indicating the successful bonding of the PA on the surface. 

Subsequently, with loading of Ab1 onto PA/AuNDs film, a dense protein layer was 

obtained (Fig. 1C), suggesting that the Ab1 was successfully introduced via the 

bridging of PA. 
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Fig. 1 SEM images of (A) AuNDs, (B) PA/AuNDs and (C) Ab1/PA/AuNDs. 

XPS Characterization of Au-PAMAM-C60NPs. To prove the successful synthesis 

of Au-PAMAM-C60NPs, XPS characterization was used for elemental analysis. As 

expected, characteristic peaks for C1s, N1s, O1s and Au4f regions could be clearly 

observed in the full region of Au-PAMAM-C60NPs spectrum (Fig. 2A). The peaks at 

284.7 eV, 399.8 eV and 532.4 eV could be assigned to C1s, N1s and O1s, respectively 

(Fig. 2B, 2C and 2D). Fig. 2E represents the XPS signature of the Au4f doublet (84.0 

eV and 87.7 eV for the 4f7/2 and 4f5/2, respectively) for the resulting metallic Au
0
. 

Based on the above elemental analysis, we could confirm that the 

Au-PAMAM-C60NPs were successfully prepared. 

 

Fig. 2 XPS analysis for (A) the full region of XPS for Au-PAMAM-C60NPs, (B) C1s region, (C) 

N1s region, (D) O1s region and (E) Au4f region. 
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Electrochemical Behaviors of the Electrochemical Immunosensor. To confirm 

the fabrication process of the immunosensor, CV and EIS measurements were used to 

characterize the stepwise assembled processes in 0.1 M PBS (pH 7.4) containing 5 

mM [Fe(CN)6]
4-

/
3-

. As shown in Fig. 3A, curve a exhibited a pair of reversible redox 

peaks, corresponding to the reversible redox reaction of ferricyanide ions on the bare 

GCE. When AuNDs were straightforwardly electrodeposited on the GCE, the peak 

current was obviously increased (Fig. 3A, curve b), implying that AuNDs brought 

excellent conductivity and large surface area to promote the electron transfer. 

However, when PA was immobilized onto the AuNDs/GCE (Fig. 3A, curve c), the CV 

response was decreased significantly, as the PA may act as the electron transfer 

blocking layer and hinder the diffusion of ferricyanide toward the electrode surface. 

Subsequently, when Ab1 was introduced via the bridging of PA, an obvious decrease 

in redox current was observed (Fig. 3A, curve d). Furthermore, the CV response 

decreased after the resultant electrode blocking with 1% BSA solution (Fig. 3A, curve 

e). Finally, when the resulted immunosensor was incubated with 40 mIU mL
-1 

EPO, 

the CV response was decreased again (Fig. 3A, curve f). Such decreases can be 

basically attributed to the fact that the Ab1, BSA and EPO protein layers on the 

electrode would retard the electron transfer. 

EIS of different modified electrodes was shown in Fig. 3B. In the Nyquist plots, 

the semicircle diameter of EIS is equal to Ret. The bare GCE showed a small 

semicircle (Fig. 3B, curve a), indicating a low electron-transfer resistance. When 

AuNDs were electrodeposited on the electrode surface, the Nyquist diagram is 
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approximately a straight line (Fig. 3B, curve b), suggesting the excellent conductive 

properties of porous AuNDs film. After incubating with PA solution, the resistance 

was increased (Fig. 3B, curve c) because the PA as an electron transfer blocking layer 

hindered the diffusion of ferricyanide to the electrode surface. Subsequently, when 

Ab1, BSA and EPO were successively immobilized on the electrode surface, the 

resistance increased orderly (Fig. 3B, curves d, e and f). The experiment results 

clearly demonstrated that EIS characterization is in accordance with CV 

measurement. 

 

Fig. 3 CVs (A) and EIS (B) of different modified electrodes in pH 7.4 PBS containing 5 mM 

[Fe(CN)6]
4-

/
3-

 as redox probe: (a) bare GCE, (b) AuNDs/GCE, (c) PA/AuNDs/GCE, (d) 

Ab1/PA/AuNDs/GCE, (e) BSA/Ab1/PA/AuNDs/GCE, (f) after incubation with 40 mIU mL
-1

 EPO. 

In order to investigate the role of Au-PAMAM-C60NPs in TOAB system, CVs of 

different modified electrodes was studied in Fig. 4A. Curve a showed CVs recorded 

at EPO/BSA/Ab1/PA/AuNDs/GCE and then successively incubated with Ab2 

bioconjugate (Ab2-labeled Au-PAMAM-C60NPs) and TOAB. As expected, the 

proposed immunosensor was detected in PBS (pH 7.4) and showed a pair of 

reversible redox peaks. The anodic and cathodic peak potentials are Epa = - 0.06 V and 
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Epc = - 0.14 V (vs. SCE), respectively, and the peak-to-peak separation is 80 mV, 

which is in agreement with the work of Song et al.
28

 Furthermore, the control 

experiments were also done. In order to demonstrate that the inner redox activity of 

Au-PAMAM-C60NPs are aroused by TOA
+
, the EPO/BSA/Ab1/PA/AuNDs/GCE only 

incubated with Ab2 bioconjugate was investigated and no redox peaks were observed 

in the potential range (Fig. 4A, curve b). To further verify whether the TOA
+
 itself has 

redox activity, the EPO/BSA/Ab1/PA/AuNDs/GCE only incubated with TOAB was 

also investigated and no redox peaks were found (Fig. 4A, curve c). This comparison 

clearly demonstrated that TOA
+
 acts as booster to arouse the inner redox activity of 

Au-PAMAM-C60NPs, thus a pair of reversible redox peaks was observed. 

To further explore the reversibility of electron transfer process, the CVs of the 

prepared immunosensor at different scan rates were detected in PBS (pH 7.4), as 

shown in Fig. 4B. It can be found that both the anodic and cathodic peak currents are 

proportional to the square root of scan rates in the range of 20-700 mV s
-1

 and exhibit 

a linear relationship, suggesting that the electrochemical reaction at the prepared 

electrode is a diffusion-controlled electrochemical process. 

 

Fig. 4 A: CVs of different modified electrodes in pH 7.4 PBS after incubation with 40 mIU mL
-1

 

EPO, and then successive incubation with Ab2 bioconjugate and TOAB (a); incubation with Ab2 
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bioconjugate without TOAB (b); incubation with TOAB in the absence of Ab2 bioconjugate (c). B: 

CVs of the proposed immunosensor at different scan rates (from inner to outer): 20, 50, 100, 150, 

200, 300, 400, 500, 600 and 700 mV s
-1

 in pH 7.4 PBS. Insert: plots of the redox peak currents vs 

the square root of scan rate. All potentials are given versus SCE. 

Possible Mechanism of Electrochemical Reaction. As supported by the 

experimental results in Fig. 4, the possible electrochemical mechanism was shown in 

Scheme 2A. When TOA
+
 is not existed, electron cloud of C60 is uniform distribution 

and difficult to polarize, so C60 is difficult to reduce and no redox peaks are observed 

in the potential range. Inspiringly, when TOA
+
 is existed, the numerous positively 

charged TOA
+
 are absorbed on C60 surface, which made the electron cloud of C60 is 

uneven distribution and easy to polarize. After CV scanning from -0.45 to 0.3 V, 

TOA
+
 could act as booster to arouse the inner redox activity of C60 and favor the 

generation of the negatively charged anions of C60 (C60
-
) in the film, thus a pair of 

reversible redox peaks is observed. Moreover, according to the computational model, 

we have calculated the electrostatic potential (ESP) on van der Waals (vdW) surface 

and the highest occupied molecular-orbital (HOMO) of C60 and C60
-
. ESP on vdW 

surface represents C60 and C60
-
, respectively, as shown in Scheme 2B. It can be seen 

that the ESP has changed from neutral ESP (Scheme 2B-a) to negative ESP (Scheme 

2B-b), indicating the generation of C60
-
. Molecular orbital is further applied to 

investigate the electronic properties of C60 and C60
-
 and displayed in Scheme 2C. 

When C60 is polarized to C60
-
, the electronic configuration of C60 in HOMO has 

changed and owns negative charge. On the basis of the computational studies, we can 
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conclude that our presumed electrochemical mechanism is reasonable. 

 

 

Scheme 2. (A) Possible mechanism of electrochemical reaction. (B) ESP mapped molecular 

vdW surface of C60 (a) and C60
-
 (b). The minima and maxima of ESP are labeled by red and blue, 

respectively. (C) HOMO of C60 (a) and C60
-
 (b). 

Page 16 of 25

ACS Paragon Plus Environment

Analytical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 17 

 

Analytical Performance of the Immunosensor. To investigate the sensitivity and 

quantitative range of the proposed immunoassay, the developed immunosensors were 

employed to detect the different concentrations of EPO standard solutions with DPV 

technique in 0.1 M PBS (pH 7.4). It can be seen (Fig. 5A) that the DPV responses of 

the immunosensor increased with the increasing concentrations of EPO. In Fig. 5B, 

the calibration plot shows a good linear relationship between the currents and the 

logarithmic values of EPO concentrations ranging from 0.01 to 80 mIU mL
-1

 with a 

correlation coefficient of 0.996. The regression equation is I = 0.681 lg cEPO + 2.113 

with a detection limit of 0.0027 mIU mL
-1

 at 3σ (where σ is the standard deviation of 

the blank signals, n = 20). The result indicated that the proposed immunosensor could 

be used to detect EPO quantitatively. 

 

Fig. 5: DPV responses (A) and calibration curves (B) of the proposed immunosensor after 

incubation with different concentrations of EPO standard solutions. 

Specificity, Stability and Reproducibility of the Immunosensor. Specificity is an 

important factor of the antigen-antibody binding. The potential interfering substances 

in serum, such as, immunoglobulin G (IgG), human serum albumin (HSA) and 

platelet-derived growth factor (PDGF) were used to evaluate the specificity of the 
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proposed immunosensor. As seen from Fig. 6A, no apparent change in the current was 

obtained compared with that of the blank test. Nevertheless, a dramatic increase was 

found in the presence of target EPO. Even when IgG, HSA and PDGF were coexisted 

with EPO, the DPV response was almost the same with that of EPO alone. These 

results indicated the high specificity of the proposed assay for EPO detection. The 

long-term storage stability was performed by storing the prepared immunosensor at 4 

ºC and measuring every one week. As shown in Fig. 6B, no obvious change was 

found during the first week and the response changed less than 8.2% of the original 

current. After storing for two weeks, it maintained 86.3% of the initial response, 

implying that our proposed immunosensor is of acceptable stability. The 

reproducibility of the immunosensor was studied by intra- and inter-assay coefficients 

of variation (DPV) according to the following methods: the intra-assay was estimated 

by analyzing EPO level (40 mIU mL
-1

) for five times using the same prepared 

immunosensor, and a relative standard deviation (RSD) of 4.0% was acquired. The 

inter-assay was evaluated by analyzing the EPO using five equally immunosensors 

under the same conditions, where all electrodes showed approximate electrochemical 

responses and a RSD of 6.2% were obtained. The experiment results implied that the 

fabricated immunosensor hold potentials for quantitative assay of EPO with desirable 

reproducibility. 
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Fig. 6 A: The selectivity of the immunosensor: IgG (80 nM), HSA (80 nM), PDGF (80 nM), 

EPO (40 mIU mL
-1

) and the mixture. B: The stability of immunosensor for 0 week, 1 week and 2 

weeks, respectively (error bars: SD, n = 3). 

Application. To test the applicability of the proposed electrochemical 

immunosensor for EPO analysis in real samples, a series of human serum samples 

from the Ninth People’s Hospital (Chongqing, China) were monitored by the 

developed strategy. In parallel, the same sampled were also detected with 

commercially enzyme-linked immunosorbent assay (ELISA) method. As can be seen 

from Table 1, the relative deviations between two methods are in the range of 

-8.75−9.76, which clearly demonstrated the potentiality of the proposed 

immunosensor for the analytical application in real biological samples. 

Table 1. Comparison of serum EPO levels determined using two methods. 

Sample No. DPV method/mIU mL
-1

 ELISA/mIU mL
-1

 Relative deviation/% 

1 0.024 0.025 -4.00 

2 

3 

4 

5 

6 

1.219 

3.378 

5.340 

10.95 

13.72 

1.250 

3.200 

5.000 

12.00 

12.50 

-2.48 

5.56 

6.80 

-8.75 

9.76 
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� CONCLUSIONS 

In short, the hydrophilic C60-based nanomaterial (Au-PAMAM-C60NPs) was first 

synthesized and employed as a new type of redox nano-probe to construct a 

sandwich-type immunosensor for EPO detection. It is worth noticing that the 

proposed immunosensor had good sensitivity, stability and reproducibility, 

showing potential applications in doping control as well as bioanalysis. More 

importantly, this strategy may pave a new avenue for exploring the carbon-based 

materials as redox nano-probe to fabricate various electrochemical immunosensors, 

promising for the routine biosensing application. 
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