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The proof-of-principle of the integration of electrically heated 

carbon paste electrode with immunoassay as a potential alternative 

for ultrasensitive detection of cytokines was demonstrated.
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The proof-of-principle of the integration of electrically heated

carbon paste electrode with immunoassay as a potential alternative

for ultrasensitive detection of cytokines was demonstrated.

Cytokines are important cell-signaling proteins produced

within tissue following infection, trauma and diseases.1 The

widespread distribution of cellular sources for cytokines and

their roles in regulating immunological response have made

cytokines attractive biomarkers against a variety of diseases,

such as cancer.2 Therefore, the accurate and sensitive detection

of cytokines has become an intriguing subject in the study of

disease mechanism, pathogenesis, and treatment.

Currently, the majority of cytokines detection methods rely

on immunoassays, such as enzyme-linked immunosorbent

assay,3a fluoroimmunoassay,3b electro/chemiluminescence3c,d

and electrochemical immunoassays.4 Therein, electrochemical

immunoassay, with simple instrumentation and easy signal

quantification, has become the predominant analytical technique

for quantitative detection of cytokines. However, many impor-

tant cytokines are present at ultra-low level, especially during

the early stages of diseases.5 To achieve high sensitivity, great

efforts have been made by integrating different signal amplifi-

cation techniques with electrochemical immunoassay, such as

rolling circle amplification (RCA),6 bio-barcode amplification

(BCA),7 and enzyme/nanoparticle labels.8 Although promising

for ultra-high sensitivity, these amplification methods suffer

the disadvantages of complexity, high cost and requirement

of special detection conditions as well. Therefore, it is still a

challenge to find new alternatives that could improve the

simplicity and sensitivity of analytical methods.

Electrically heated electrodes with symmetrical structure

have attracted an explosion of interest since their invention

by Gründler in the 1990s.9 The main feature of these electrodes

is that direct electrical heating only heats the electrode but

leaves the bulk solution’s temperature unchanged. Such a

heated-electrode technique has been shown to significantly

improve the sensitivity in electroanalytical applications.10

Particularly in stripping analysis of heavy metals, elevated

electrode temperature not only accelerates reaction kinetics but

also dramatically enhances the mass transport through diffusion

and convection, thus leading to an enhanced electrochemical

signal together with an improved signal-to-background ratio.10a,b

On the other hand, with the advance of nanobiotechnology,

quantum dots (QDs), which exhibit sharp and well-resolved

stripping voltammetry signals as the metal components, are

well recognized as electroactive labels in immunoassay.11

Combining the concept of heated-electrode technique with

QDs-based immunoassay, a novel heated electrode-based electro-

chemical immunosensing platform is developed with both high

sensitivity and simplicity.

To demonstrate the proof of principle, an immunosensor

detection system equipped with an electrically heated carbon

paste electrode (HCPE) was first designed (Fig. S1 and S2, ESIw).
The 100 kHz alternating current (AC) generated from a function

generator was used to heat the HCPE. Fig. S3A displays

the relationship between the temperature rise (DT) and the

square of heating current (i2), showing a linear relationship in

the range between 0 and 32.5 1C. Moreover, once heated, the

electrode temperature increases rapidly and reaches a steady

value within 10 s, producing a small temperature fluctua-

tion. The results indicated that the designed HCPE had good

thermal stability and the surface temperature could be

controlled easily. More importantly, at elevated temperature,

the proposed system could gain enhanced electrochemical

signals (Fig. S3B, ESIw).
To further prove the effect of HCPE signal enhancement in

the detection of metal ions, the HCPE was in situ plated with a

bismuth film and applied to voltammetric stripping detection

of Cd2+. As shown in Fig. S4 (ESIw), the stripping peak

currents increase clearly on increasing the electrode temperature

from 26.7 to 57.8 1C. This enhancement contributed to the

forced thermal convection induced by heating the electrode

rather than the bulk solution, which is able to improve mass

transfer and facilitate adsorption, hence enhancing stripping

response. Thus, with the increase of the HCPE surface tempera-

ture, the analytical signal of the analytes could be enhanced

and we could profit from it.

To explore the feasibility of the proposed platform in

immunoassay, human Interleukin-6, an important cancer

biomarker cytokine, was chosen as the target analyte of

interest. In order to construct the base of the immunosensor,
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we first synthesized the polydopamine-stabilized gold nano-

particles (PDA-AuNPs) through a simple mixing of reductive

dopamine (DA) with oxidative HAuCl4 (Fig. 1A). The TEM

image showed the uniform size and monodispersity of

PDA-AuNPs with a diameter of 5.0–7.0 nm (Fig. 2A). The

HRTEM image of PDA-AuNPs indicated the distance between

the adjacent lattice fringes to be 0.23 nm (inset in Fig. 2A),

corresponding to the d spacing of the (111) crystal plane of

fcc Au. Fig. 2B displays the UV-vis spectra of PDA (a) and

PDA-AuNPs (b). The PDA spectrum shows a weak absorption

peak at about 405 nm, because PDA prepared by air oxidation

was a melanin-like oligomer material with an amorphous

structure.12 However, the spectrum of PDA-AuNPs exhibits

a distinct, broad peak at 480 nm due to the superimposed

effect of PDA and AuNPs spectra, which provided the evidence

of the formation of a polydopamine layer on the AuNPs

surface. The XRD study further verified that the PDA-AuNPs

had a high purity and crystallinity (inset in Fig. 2B).

The PDA-AuNPs were further incorporated with poly(diallyl-

dimethylammonium chloride) functionalized graphene sheets

(PDDA-RGO) to improve protein-binding capability by a

sonication protocol. The homogeneous and dense coverage

of PDA-AuNPs on the graphene surface could be observed

(Fig. 2C). UV-vis absorption spectroscopy was used to monitor

the assembly process. As shown in Fig. 2D, a red-shift in the

absorption spectra was observed for RGO-AuNPs (c) compared

to the corresponding GO (a) and PDDA-RGO (b), which

might be due to the affinity between the graphene and the

aromatic rings of assembled PDA-AuNPs.13 The RGO-AuNPs

also exhibited good solubility and hydrophilicity (Fig. S5w).
The prepared RGO-AuNPs incorporated the high-binding

capability of graphene nanosheets, the favorable biocompatibility

of gold nanoparticles, and the high protein affinity of poly-

dopamine, which thus offered a promising template for protein

immobilization and sensitivity improvement.

For the detection of IL-6, a competitive-type immunoassay

format was employed (Fig. 1C). A standard solution of IL-6 at

a known concentration was added into the incubation solution

containing a certain concentration of bionanolabel. This

bionanolabel composed of CdTe QDs, carbon nanotubes,

and anti-IL-6 was prepared via the layer-by-layer assembly

approach (Fig. 1B). Of note, carbon nanotubes were employed

as the carrier to load a large amount of electroactive QDs for

signal amplification, which was confirmed by the TEM image

of CNTs@QDs (Fig. S6w). The IL-6 in the incubation solution

competed with the immobilized IL-6 on the immunosensor

surface to bind the limited binding sites of the bionanolabel to

form the immunocomplex. The captured bionanolabel was

then dissolved in HNO3, and the cadmic component acting as

the detector target was quantified by anodic stripping voltammetry

(ASV). It is noteworthy that the concept of the heated-

electrode technique was introduced in the final stripping

analysis for signal amplification. The fabrication process of

the sensor was confirmed by EIS (Fig. S7w).
For validation of the methodology, we first investigated the

stripping response of the immunosensor on both heated and

unheated carbon paste electrode (CPE). As shown in Fig. 3A,

the stripping signal onHCPE at 49.0 1C (b) was much improved

over that on CPE at 25.0 1C (a) for the same concentration of

IL-6. This improvement demonstrated the potential of HCPE

in immunoassay for signal amplification.

To obtain high analytical performance, some important

detection parameters were optimized. As shown in Fig. S8

(ESIw), the optimized concentration of QDs nanoprobe and

recognition time were 1.0 mg mL�1 and 40 min, respectively.

The stripping response of the immunosensor on HCPE decreased

with the increasing IL-6 concentration in the incubation

solution (Fig. 3B). The decrease of peak current (Dip)
was proportional to IL-6 concentration in the range of

Fig. 1 (A) Schematic illustration of the preparation of RGO-AuNPs

nanocomposite. (B) Assembly procedure of CNTs@QDs-anti-IL-6

bionanolabel. (C) Schematic representation of the fabrication and

measurement process of the competitive immunosensor.

Fig. 2 (A) TEM image of the prepared PDA-AuNPs. Top inset: the

size distribution histogram. Bottom inset: enlarged HRTEM image

of PDA-AuNPs. Scale bar: 5 nm. (B) UV-vis absorption spectra of

polydopamine (a) and PDA-AuNPs (b). Inset is the XRD pattern of

PDA-AuNPs. (C) TEM image of the prepared RGO-AuNPs. (D) UV-vis

absorption spectra of GO (a), PDDA-RGO (b), and RGO-AuNPs (c).

D
ow

nl
oa

de
d 

by
 N

A
N

JI
N

G
 U

N
IV

E
R

SI
T

Y
 o

n 
18

 A
pr

il 
20

12
Pu

bl
is

he
d 

on
 0

6 
M

ay
 2

01
1 

on
 h

ttp
://

pu
bs

.r
sc

.o
rg

 | 
do

i:1
0.

10
39

/C
1C

C
11

56
5K

View Online

http://dx.doi.org/10.1039/c1cc11565k


This journal is c The Royal Society of Chemistry 2011 Chem. Commun., 2011, 47, 6551–6553 6553

0.1–100 pgmL�1 with a limit of detection (LOD) of 0.033 pgmL�1

(curve a, Fig. 3C). Here the Dip value was defined as the

difference between the peak current in the absence and presence

of IL-6. However, at room temperature on CPE, the linear

response range was only 1.0–10 pg mL�1 with LOD of

0.5 pg mL�1 (curve b, Fig. 3C). Consequently, the sensitivity

is about 14-fold higher when going from unheated electrode to

heated electrode. The high sensitivity of the designed method

was attributed to the following: (i) high protein binding

capability of RGO-AuNPs nanocomposite; (ii) excellent

signal amplification capability of CNTs@QDs bionanolabel;

(iii) obvious temperature-based signal enhancement using

heated-electrode technique. More importantly, it is believed

that further improvement on the LOD to lower than the pg mL�1

range is possible by improving the device characteristics, since

the stripping response depended on the electrode temperature,

which is limited by the heating current of HCPE.

The feasibility of the immunoassay for clinical application

was investigated by analyzing real samples, in comparison

with the ELISA method. Fig. 3D describes the correlation

between the results obtained by both methods. The relative

deviations were in the range of �6.4 to 7.8%, suggesting this

immunoassay could provide a promising alternative tool for

determining IL-6 in human serum. The selectivity, reproducibility,

and stability of the immunosensor were also evaluated and the

results are shown in Fig. S9 (ESIw), indicating good analytical

performance.

In summary, this work demonstrated a proof of principle

for the first attempt to integrate the heated electrode technique

with immunoassay for ultrasensitive detection of cytokines. By

combination of the advantages of RGO-AuNPs, QDs-based

amplification, and heated electrode measurement, the proposed

immunosensor showed a wide linear range and low detection

limit for the detection of IL-6. Moreover, this method showed

good precision, acceptable stability and reproducibility, and

could be used for the detection of IL-6 in real samples, which is

promising for its application in clinical research. Compared

with the traditional methods for signal amplification, this

method is rapid, precise and easily operated, which will open

up a new signal amplification possibility for biological assays

and clinical diagnoses.
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Fig. 3 (A) Anodic stripping voltammograms of the immunosensor

recorded on CPE at room temperature of about 25.0 1C (a), and on

HCPE at temperature of 49.0 1C (b). GCE/RGO-AuNPs/IL-6/BSA

was incubated with 10 mL of 0.5 mg mL�1 CNTs@QDs-anti-IL-6 for

40 min, and dissolved in 0.1 M HNO3 for 30 min. (B) Anodic stripping

voltammograms of the immunosensor recorded on HCPE at 49.0 1C

with increasing IL-6 concentration from (a) to (j) (0, 0.033, 0.1, 0.33,

1.0, 3.3, 10, 33, 100, and 330 pg mL�1 IL-6, respectively). Inset:

Anodic stripping voltammograms of the immunosensor recorded on

CPE at 25.0 1C with increasing IL-6 concentration from (a) to (g)

(0, 0.5, 1.0, 3.3, 10, 33, and 100 pg mL�1 IL-6, respectively).

(C) Corresponding calibration plots of peak current versus the concen-

tration of IL-6 using (a) HCPE and (b) CPE as detection substrate.

(D) Comparison of serum IL-6 levels determined using electrochemical

immunoassay and ELISA method.
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