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Abstract A highly sensitive electrochemiluminescent (ECL)
biosensor was designed for the detection of concanavalin A
(ConA) based on glucose oxidase (GOx) as a recognition
element by carbohydrate–lectin biospecific interaction, and
poly(ethylenimine) (PEI) reduced graphene and hollow gold
nanoparticles (HAuNPs) as supporting matrix and signal am-
plifier. The modification process and detection principle of the
biosensor are briefly described as follows. First, PEI reduced
graphene oxide with abundant amino groups was cast onto the
surface of glassy carbon electrode to adsorb HAuNPs for
improving the signal intensity in luminol/H2O2 ECL system.
Next, GOx was further assembled onto the electrode by the
interaction between Au and –NH2. In the presence of glucose
in the detection solution, GOx catalyzed glucose to generate
H2O2 in situ, which served as a co-reactant of luminol to
enhance ECL signal of luminol. Based on the fact that ConA
could result in a decrease in ECL signal when immobilized on
the electrode, an ECL biosensor was prepared for the deter-
mination of ConA. The ECL signal intensity was linear with
the logarithm of ConA concentration and the linear range was
from 1.0 to 20 ng/mLwith a low detection limit of 0.31 ng/mL
(signal to noise ratio =3). This strategy led to a nearly 1000-
fold improvement in detection limit for ConA assays com-
pared with previously reported method, thus exhibiting a great
potential application in sensitive bioassays of ConA.
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Introduction

Molecular recognition between carbohydrates and specific
proteins mediates many important physiological and patho-
physiological processes, such as bacterial and viral infections,
cellular growth and adhesion, cancer metastasis, inflamma-
tion, and immune surveillance [1]. Investigation of such in-
teractions is significant for understanding basic biological
processes and for the development of sensors [2]. Lectin, a
carbohydrate-binding protein, is usually found in plants, ani-
mals, or microorganisms. One of them, concanavalin A
(ConA), can specifically bind to some sugar groups such as
mannose, dextran, and some glyco-proteins (glucose oxidase
and HRP) by carbohydrate–lectin interactions [3, 4]. Recently,
ConA was chosen as a lectin model for further study of
molecular recognition in major researches [1, 2].

The reported detection methods for ConA mainly included
optic analysis methods such as fluorescence spectroscopy,
UV-visible spectroscopy, surface plasmon resonance, and
electrochemical analysis methods such as differential pulse
voltammetry and electrochemical impedance spectroscopy [1,
2, 5–11]. For example, fluorescent carbohydrate-protected Au
nanodots were synthesized for detecting ConA [6]. Guo et al.
[7] observed that the absorption of UV-vis spectrophotometry
spectrum shifted when ConAwas bound to the sugar residues
of glycolipids immobilized onto nanogold slides, while almost
no spectrum change was observed when another nonspecific
protein molecule met the nanogold slides. Based on this
observation, a sensitive gold nanoparticles-based biosensor
was designed for ConA determination. Loaiza et al. [1] de-
scribed the development of nanostructured impedimetric
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sensors for the detection of Con A. In their work, ConAwas
binding to thiolated carbohydrate derivatives (D-mannose or
D-glucose), which were immobilized onto screen-printed car-
bon electrodes (SPCEs) modified with gold nanoparticles.
Because gold nanoparticles can enhance surface plasmon
resonance response, Huang et al. reported dextran-capped
gold nanoparticles based SPR sensor for ConA detection [9].
Generally, the development of these assay methods relied on
employing the derivatives of mannose as recognition elements
thereby suffering from tedious procedures for preparing de-
rivatives of carbohydrate and low sensitivity. Hence, it is
significant to explore a facile, simple, sensitive, and selective
assay method for ConA.

Electrochemiluminescence, integrating the electrochemical
and luminescent techniques, has become a powerful chemical
sensing technique in recent years because of its advantages of
simplicity, rapidity, sensitivity, controllability, and low back-
ground noise [12]. ECL techniques were widely applied in
pharmaceutical analysis, environmental pollutant determination,
and immunoassays [13]. As a common ECL reagent, luminol
(5-amino-2, 3-dihydro-1,4- phthalazinedione) owns the merits
of low oxidation potential, inexpensive reagent consumption,
and high emission yields. However, as the most widely used co-
reactant for luminol’s electrochemiluminescence, H2O2, is not
only unstable at room temperature but also difficult to be labeled
[14]. Furthermore, H2O2 is a bit poisonous to some biomole-
cules. These flawsmay be the factors that limit the application of
luminol–H2O2 ECL system in the detection of biomolecules.
Fortunately, H2O2 is the product of some enzymes catalyzed
reactions. For instance, it is well known that glucose will be
oxidized to gluconic acid and meanwhile generate H2O2 by the
catalytical action of GOx [15]:

glucoseþ O2 →
GOx

gluconic acidþ H2O2

What’s more, glucose is stable at the experimental condi-
tions. Therefore, if the co-reactant, H2O2, is generated in situ
from the glucose, and sequentially engages in ECL reaction,
the shortage of instability of H2O2 directly as a co-reactant
will be overcome, thereby improving the sensitivity and sta-
bility of the biosensor.

As a novel one-atom-thick two-dimensional graphitic car-
bon system, graphene and its derivatives possess remarkable
physicochemical properties, such as high surface area (calcu-
lated value, 2630 m2/g), strong mechanical strength, excel-
lently optical and electronic properties, and facile surface
modification [9, 16]. These properties make graphene and its
derivatives good supports for immobilizing biomolecules and
other nanomaterial. Owing to the above-mentioned excellent
properties, graphene has caused extensive concern in devel-
oping biosensors [17–20].

In this work, we used the ECL detection method to develop
an ultrasensitive biosensor for ConA detection based on
biospecific interactions between carbohydrate residues of
GOx and ConA. First, we synthesized amido functionalized
g r a p h e n e v i a r e d u c i n g g r a p h e n e o x i d e w i t h
poly(ethylenimine) (PEI), noted as PEI-rGO. This
nanomaterial was modified on glassy carbon electrode
(GCE) to assemble hollow gold nanoparticles (HAuNPs) by
the interaction between Au and –NH2. The HAuNPs showed
an excellent electroactivity to luminol oxidization and, there-
fore, could greatly amplify the ECL signal of luminol, offering
a highly sensitive ECL biosensor [21]. Then GOx was assem-
bled onto this modified electrode through physical adsorption
and covalent binding interactions between HAuNPs and –
NH2 in GOx to recognize ConA for ConA detection. Also,
GOx could catalyze glucose to produce H2O2 in situ to
strongly improve the ECL signal of luminol. After ConA
was immobilized on the electrode, the intensity of ECL signal
decreased, and was directly proportional to the logarithm of
ConA concentration. The mechanism is briefly illustrated in
Scheme 1.

Experimental

Reagents

Glucose oxidase (GOx), bovine serum albumin (BSA, 96 %–
99 %), luminol (5-amino-2, 3-dihydro-1,4-phthalazinedione),
concanavalin A (ConA, from CanaValia ensiformis jack
bean), and phytohemagglutinin (PHA) were purchased from
Sigma Chemical Co. (St. Louis, MO, USA). Hydrogen tetra-
chloroaurate (HAuCl4·4H2O) was obtained from Shanghai
Chemical Reagent Co. (Shanghai, China). Alpha fetoprotein
(AFP) was purchased from Biocell (Zhengzhou, China). Car-
bohydrate antigen 15-3 (CA15-3) was received from Biocell
Co. (Zhengzhou, China). Poly(ethylenimine) (PEI, 50 %) was
purchased from Sigma Chemical Co. (St. Louis, MO, USA).
Graphene oxide (GO) was purchased from Nanking Xianfeng
Nano Co. (Nanking, China). Phosphate-buffered saline (PBS)
solutions containing 0.10 M KCl, 0.10 mM Ca2+ and
0.10 mM Mg2+ were prepared with 0.10 M H3PO4, adjusted
pH with concentrated NaOH solution. Ferricyanide solutions
containing 5.0 mM K3Fe(CN)6 and 5.0 mM K4Fe(CN)6 were
used as a redox reporter. A stock ConA solution (1.0 mg/mL)
was prepared in PBS (0.075 M, pH 7.4) containing 0.10 mM
Ca2+ and 0.10 mMMg2+ and stored at 4 °C. Herein, Ca2+ and
Mn2+ were necessary to activate ConA conformation [1]. A
stock solution of luminol (0.010 M) was prepared by dissolv-
ing luminol in 0.10 M NaOH solution and was kept at 4 °C
when not in use. For control experiment, solid gold nanopar-
ticles (SAuNPs) were synthesized according to a method
described in literature [22]. All other chemicals were of
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analytical grade and were used as received. Deionized water
was used throughout this study.

Apparatus and measurement

ECL emission was measured using a model MPI-A
electrochemiluminescence analyzer (Xi’an Remax Electronic
Science & Technology Co. Ltd., China), equipped with a
photomultiplier tube (PMT) with its voltage set at 800 V.
The ECL emission was recorded at the biosensor in an ECL
detector cell containing 3 mL PBS with an appropriate con-
centration of luminol and glucose. The potential was set 0.2–
0.8 V (vs. Ag/AgCl) at a scan rate of 0.3 V/s in the detection
process. Cyclic voltammetry (CV) was performed with a CHI
600D electrochemical work station (Shanghai CH Instruments
Co., China). Absorption spectra were recorded by a UV-2450
UV-VIS Spectrophotometer from Shimadzu Corp. (Tokyo,
Japan). The conventional three-electrode system with a mod-
ified glassy carbon electrode as working electrode, a saturated
calomel electrode (SCE) or Ag/AgCl (saturated KCl) as ref-
erence electrode, and a platinumwire as counter electrode was
used in the detection process. Scanning electron microscopy
(SEM) was conducted using a Hitachi scanning electron mi-
croscope (Hitachi S-4800; Japan). The Fourier-transform in-
frared spectroscopy (FT-IR) was recorded on a Nexus 670 FT-
IR spectrophotometer (Nicolet Instruments, Tokyo) using KBr
pellets. All of the above experiments were carried out at room
temperature.

The synthesis of HAuNPs and PEI-rGO nanosheet

HAuNPs was prepared according to the methods in reference
[23] with minor modification. First, 200 μL 0.10 M trisodium
citrate solution was added to 50 mL double distilled water
with rapid magnetic stirring under the nitrogen (N2) atmo-
sphere to get rid of dissolved oxygen. Then, 200 μL of a
freshly prepared NaBH4 (1.0 M) and 50 μL CoCl2 (0.50 M)
solution were added, respectively. When the color of the
solution changed from pale pink to gray, 25 μL 1 % (w/w)
HAuCl4 solution was slowly added in drops six times, namely
150 μL 1 % HAuCl4 was needed in total. The color of the
solution changed from dark brown to a deep blue. The re-
maining cobalt nanoparticles were gradually oxidized under
ambient conditions and left from the solution with rapid
stirring for 30 min, leaving HAuNPs. The HAuNPs were
collected and washed by centrifugation with double distilled
water, and then dispersed in 2 mL double distilled water for
further use.

PEI-rGO nanosheets were prepared according to a previ-
ously describedmethod [24] with a little modification. Briefly,
5.0 mL dispersion of exfoliated GO sheets (1.0 ng/mL) was
mixed with PEI (3 %, 0.50 mL) and heated under reflux in an
oil bath at 135 °C for about 3 h. Herein, the PEI not only

served as a reductant to reduce GO sheets but also provided
the abundant amido to prevent the aggregates of graphene and
combine HAuNPs. The obtained black PEI-rGO dispersion
was washed by centrifugation with double distilled water to
remove redundant PEI and then redispersed in 2.0 mL water.

Biosensor preparation

The glassy carbon electrode (Φ=4 mm) was successively
polished using 0.3 and 0.05 μm alumina slurry, and then
washed ultrasonically in ethanol and water for 3 min, respec-
tively. Eight μL PEI-rGO suspensions were cast onto a
pretreated GCE surface and dried at room temperature. Next,
this modified electrode was incubated in hollow gold colloidal
solution and left overnight to adsorb HAuNPs. The modified
electrode was immersed in GOx solution for 12 h. Finally, the
electrode was incubated in different concentrations of ConA
solution for 1 h for biospecific reaction before each measure-
ment. The modified electrode was thoroughly cleaned with
PBS (pH 7.4) to remove the non-chemadsorbed species after
every modification step. The configuration of the biosensors is
presented in Scheme 1. Inset A shows the SEM image of
HAuNPs. A rough surface and a relatively dark center were
observed. The dark place was caused by nonconductivity of
the hollow structure inside the gold nanoparticles.

Results and discussion

Characterization of PEI-rGO

Supplementary Figure 1A (see Electronic SupplementaryMa-
terial, ESM) shows the UV-vis absorption spectra of GO and
PEI-rGO water dispersions. In the spectrum of GO (curve a),
two characteristic absorption peaks were observed. The peak
at 228 nm was ascribed to the π→ π* transition of C=C, and
the shoulder at about 307 nm corresponding to the n → π*
transition of C=O [25]. For PEI-rGO (curve b), the absorption
peak of the π → π* transition of C=C red-shifted to 264 nm,
suggesting that the electronic conjugation within the graphene
was restored after the reduction by PEI. This result is consis-
tent with the absorption of aqueous stable graphene
dispersion.

FT-IR spectroscopy is considered to be an important tool
for characterizing functional groups. Supplementary
Figure S1B (see ESM) presents the FT-IR spectra of the
samples. As seen in curve a, the peak at 1053 arose from
epoxy (–O-) groups. The peak at 1393 was assigned to a C–O
vibrational mode. The peak at 1632 cm–1 corresponded with
the vibrational mode of the ketone (–C=O) groups. The broad
peak at 3426 cm–1 denoted C–OH stretching [26]. These
oxygen containing groups were typical functional groups in
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GO. After reduced by PEI, the characteristic peaks of ketone
groups disappeared, suggesting that GO had been successfully
reduced. New peaks at 1551 and 1647 attributed to bending
vibration of N-H band was noticed, indicating that PEI-rGO
have been functionalized with amido [27].

Characterization of the biosensors fabrication process

Cyclic voltammetry (CV) was used to evaluate the assembly
process of the modified electrode. The cyclic voltammograms
(CVs) of different modified electrodes were obtained with
Fe(CN)6

4-/3- as an electroactive probe and the results are
presented in Fig. 1. As seen, a couple of quasi-reversible redox
peaks of the probes was noticed in the bare electrode (curve a).
When the electrode was modified with PEI-rGO, an increase
in the peak current was observed (curve b). This was due to
the fact that the electron active PEI-rGO could not only
accelerate the electron transfer between the Fe(CN)6

4–/3– and

the electrode but also increase the interface area [18]. For the
HAuNPs/PEI-rGO/GCE, there was still a strong current re-
sponse (curve c). When the electrode was successively incu-
bated in GOx (curve d) and ConA (curve e) solution, the peak
currents declined at corresponding CVs, which was ascribed
to the nonconductive properties of GOx and ConA. The CV
study proved that the biosensor has been successfully
prepared.

SEM was used to observe the interfacial changes of the
electrode surface during the fabrication process. Typical SEM
images of different materials modified films are shown in
Fig. 2. PEI-rGO showed a typical wrinkle morphology and
silk-like shape with a very thin layer (Fig. 2a). With the
adsorption of HAuNPs on the PEI-rGO, hollow nanospheres
were obviously observed (Fig. 2b). When coated with GOx
and ConA (Fig. 2c), the corresponding SEM image became
darker because of the non-conductive GOx and ConA.

Optimization of analytical conditions

The important factors including luminol concentration, glu-
cose concentration, and scan rate, which affect the perfor-
mance of the prepared biosensors, had been discussed. Sup-
plementary Figure S2A (see ESM) shows the influence of
luminol concentration on ECL response. As can be seen,
when the concentration of luminol increased in the range of
0.050–0.20 mM, a distinct increase in ECL intensity was
noticed. However, further increase of luminol concentration
caused only a slight enhancement in ECL signal. Therefore
0.20 mM luminol was chosen for the quantitative analysis.

The concentration of glucose needs to be investigated
because glucose can react with O2 to generate H2O2 by the
catalytic action of GOx, and H2O2 as a co-reactant of luminol
can obviously enhance the ECL signal of luminol. The exper-
imental results are shown in Supplementary Figure S2B (see
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Fig. 1 CVs of (a) bare GCE, (b) PEI-rGO/GCE, (c) HAuNPs/PEI-rGO/
GCE, (d) GOx/HAuNPs/PEI-rGO/GCE, and (e) ConA/GOx/HAuNPs/
PEI-rGO/GCE in 5.0 mM K3[Fe(CN)6]/K4[Fe(CN)6] (1:1). Scan rate:
50 mV/s

Scheme 1 Schematic
representation of the
configuration and detection
mechanism of the biosensor. Inset
(A) is the SEM image of
HAuNPs. Inset (B) is the diagram
of the change of ECL signal
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ESM). As seen, the ECL response gradually enhanced with
the concentration of glucose in the range of 0.010–0.030 M.
However, when the concentration of glucose exceeded
0.030 M, the ECL intensity increased slowly. Hence,
0.030 M was chosen as the optimal concentration of glucose
in this experiment.

Supplementary Figure S2C (see ESM) presents the effect
of scan rate on ECL signal. As seen, maximum ECL signal
was achieved at 0.3 V/s. Therefore, 0.3 V/s was chosen for
ECL analysis of ConA.

Quantitative analysis of ConA

Under the optimized experimental conditions, we explored the
ECL response of the prepared biosensor towards different
concentration of ConA, and the ECL responses were recorded

under continuous scanning to obtain a relative steady ECL
signal. As expected, the ECL signal decreased gradually with
the increase in ConA concentration (Fig. 3a). The correspond-
ing standard calibration curve of the ECL intensity versus
logarithm of ConA concentration is shown in the Fig. 3b.
Under the optimal conditions, the linear range for ConAwas
from 1.0 ng/mL to 20 ng/mL with a detection limit of 0.31 ng/
mL (signal to noise ratio =3) and the limit of quantity of
0.93 ng/mL (signal to noise ratio =10). The linear equation
was I=5408.9-3898.3 logc (where I was the ECL intensity
and c was the concentration of ConA), and the correlation

Fig. 2 SEM images of (a) PEI-rGO, (b) HAuNPs/PEI-rGO, and (c)
ConA/GOx/HAuNPs/PEI-rGO modified films
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Fig. 3 (a) ECL response of the biosensor towards the ConA in 0.075 M
PBS solution (pH 7.4) containing 0.20mM luminol and 0.030M glucose.
Scan rate: 0.3 V/s. (b) The linear relationship between the ECL intensity
and the ConA concentrations. Error bars were obtained from three times
parallel experiments. (c) ECL responses of (a) GOx/HAuNPs/PEI-rGO/
GCE, (b) GOx/SAuNPs/PEI-rGO/GCE, and (c) GOx/PEI-rGO/GCE
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coefficient was 0.991. According to the linear equation, the
prepared biosensors could be used to quantitatively detect
ConA. Higher concentration can be detected after dilution
using the prepared biosensors. Compared with the results of
most previous reports, our prepared biosensors exhibited a
high sensitivity and a low detection limit. A nearly 1000-fold
improvement in detection limit was obtained. The details of a
comparison between our method and reported methods are
provided in Supplementary Table S1 (see ESM). Overall, the
prepared biosensors in this work exhibited excellent perfor-
mance. The reasons are described as follows. First, PEI-rGO
nanosheets with large surface area as supporting matrix in-
creased the loading amount of HAuNPs. Second, HAuNPs
showed excellent electroactivity to luminol oxidization and,
therefore, could greatly amplify the ECL signal of luminol
[21]. Compared with SAuNPs, HAuNPs presented a rough
surface and possessed a larger surface area. Third, the good
electrocatalytic activity and conductivity of PEI-rGO and
HAuNPs made them accelerate electron transfer between the
electrode surface and the activity center of GOx. Moreover, it
is also reported that gold nanoparticles have excellent catalytic
performance to directly enhance the ECL intensity of luminol-
H2O2 system. The effect of HAuNPs was demonstrated by a
control experiment among GOx/PEI-rGO/GCE, GOx/
SAuNPs/PEI-rGO/GCE, and GOx/HAuNPs/PEI-rGO/GCE.
The results are shown in Fig. 3c. It is seen that the biosensor
with HAuNPs (curve a) has the strongest ECL response
compared with GOx/SAuNPs/PEI-rGO/GCE (curve b) and
GOx/PEI-rGO/GCE (curve c). Most importantly, the recogni-
tion element GOx can catalyze glucose to generate the co-
reactant of luminol in situ, which highly enhances the ECL
signal.

Reproducibility, stability, and selectivity of ECL biosensors

The reproducibility (inter- and intra-assay) of the ECL bio-
sensor was investigated. The intra-assay precision of the bio-
sensor was evaluated by testing a biosensor with 10 ng/mL
ConA for five replicate determinations in PBS under the
optimized experimental conditions. The inter-assay precision
was estimated at five different biosensors in the same batch.
The relative standard deviation (RSD) of intra-assay and inter-
assay were found to be 4.1 % and 4.8 %, respectively, indi-
cating acceptable reproducibility.

When the 12 cyclic scans was carried out in the potential
range from 0.2 to 0.8 V with a scan rate of 0.3 V/s, the ECL
signal decreased slowly for the first four cycles, which may be
attributed to the consumption of luminol. Then, the ECL
signal kept nearly constant (Supplementary Figure S3 in
ESM), which was due to the good stability of the electrode
materials and in situ generated H2O2 for ECL signal enhance-
ment, thereby counteracting the decrease in ECL signal. On
the other hand, the storage stability of the prepared biosensor

was also studied. When not in use, the electrode was
suspended above 0.075 M phosphate buffer at 4 °C in a
refrigerator. The ECL response to 10 ng/mL ConAwas tested
every 2 to 3 d; after 10 d, the ECL response decreased to about
9.3 % of its initial response, indicating an acceptable stability
of the biosensor.

To further study the selectivity of the biosensor, it was
incubated in 3 ng/mL ConA containing different interfering
agents such as AFP, BSA, CA 15-3, and PHA, respectively.
The corresponding results were shown in Fig. 4. The interfer-
ence caused by these substances could be neglected, indicat-
ing a good selectivity of the prepared biosensors for ConA.

Application of the biosensors

In order to examine the reliability and potential application of
the prepared ECL biosensors, the recovery experiments of
ConAwere performed in PBS and four real samples including
fetal bovine serum and three real human blood samples (di-
luted by PBS). Experimental results are presented in Supple-
mentary Table S2 (in ESM). The recoveries (94.2 %–109 %)
were acceptable, indicating that the prepared ECL biosensor
was specific to ConA in biological fluids without observable
interference.

Conclusion

In this work, an ECL biosensor for sensitive detection of
ConA was developed using GOx as a recognition element
and for signal enhancement by catalyzing glucose to in situ
generate H2O2, the co-reactant of luminol. The proposal of in
situ generating co-reactant of luminol overcame the shortage
of instability of H2O2 directly as co-reactant, and thereby was
propitious to improve the sensitivity and stability of the pre-
pared biosensors. What’s more, the combination PEI-rGO
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Fig. 4 ECL response of the biosensor incubated in (a) blank, (b) ConA
(3 ng/mL), a mixture of ConA (3 ng/mL), and (c) AFP (20 ng/mL), (d)
PHA (50 ng/mL), (e) BSA (1 %), (f) CA 15-3 (0.1 U/mL), respectively.
Error bars were obtained from three times parallel experiments
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nanosheets and HAuNPs could not only endow the biosensor
high loading of GOx, but also accelerate the electron transfer
because of their excellent electro-catalytic activity. The de-
signed ECL biosensor exhibited excellent performance, such
as high sensitivity, good stability, and selectivity for ConA
detection. Moreover, compared with the method reported in
Reference [9], the constructed ECL biosensor offered many
other advantages, including simplicity of preparation and
manipulation. Thus, this scheme for ConA detection may
exhibit potential application.
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