
Contents lists available at ScienceDirect

Biosensors and Bioelectronics

journal homepage: www.elsevier.com/locate/bios

Dual-type responsive electrochemical biosensor for the detection of α2,6-
sialylated glycans based on AuNRs-SA coupled with c-SWCNHs/S-PtNC
nanocomposites signal amplification

Jia Li1, Junlin He1, Chengli Zhang, Jun Chen, Weiran Mao, Chao Yu⁎

College of Pharmacy, Institute of Life Science and School of Public Health, Chongqing Medical University, Chongqing 400016, PR China

A R T I C L E I N F O

Keywords:
α2,6-sialylated Glycans
Single-walled carbon nanohorns
Sambucus Nigra Agglutinins
Biosensor
Sulfur-doped platinum nanocluster

A B S T R A C T

In this study, a dual-type responsive electrochemical biosensor was developed for the quantitative detection of
α2,6-sialylated glycans (α2,6-sial-Gs), a potential biomarker of tumors. The gold nanorods (AuNRs), which
exhibited great specific surface area, as well as good biocompatibility, was synthesized by the way of seed
growth method. Furthermore, a biotin-streptavidin (biotin-SA) system was introduced to improve the im-
munoreaction efficiency. Accordingly, a label-free biosensor was fabricated based on AuNRs-SA for the quick
detection of α2,6-sial-Gs by recording the signal of differential pulse voltammetry (DPV). Furthermore, to ex-
pand the ultrasensitive detection of α2,6-sial-Gs, a carboxylated single-walled carbon nanohorns/sulfur-doped
platinum nanocluster (c-SWCNHs/S-PtNC) was synthesized for the first time as a novel signal label, which
showed an excellent catalytic performance. The usage of c-SWCNHs/S-PtNC could significantly amplify the
electrochemical signal recorded by the amperometric i-t curve. Herein, a sandwich type biosensor was con-
structed by combining the AuNRs-SA on the electrode and c-SWCNHs/S-PtNC (signal amplifier). The label-free
biosensor possessed a linear range from 5 ngmL−1 to 5 μgmL−1 with a detection limit of 0.50 ngmL−1, and the
sandwich-type biosensor possessed a wide linear range from 1 fgmL−1 to 100 ngmL−1 with a detection limit of
0.69 fgmL−1. Furthermore, the biosensor exhibited excellent recovery and stability, indicating its potential for
use in actual samples.

1. Introduction

N-acetylneuraminic acid (Neu5Ac), also called sialic acid, acted as
terminal monosaccharide by linking with cell surface glycoconjugate
(Kim et al., 2011). The formation of α2,6-linkages between sialic acid
and N-acetyllactosamine structures (Galβ1–4GlcNAc) is mediated by
the enzyme β-galactoside α2,6-sialyltransferase (ST6Gal-I) (Harduin-
Lepers et al., 2001). In recent reports, a wide number of biological and
pathological disorders have been found to display variants of a α2,6-
sialylation, such as the development and progression of colon and liver
cancer (Dall’Olio et al., 1989; Schultz et al., 2013; Zhao et al., 2017).
While the carcinoma cells were apoptotic, the α2,6-sialylated glycans
(α2,6-sial-Gs) were formed and released into the blood, adding to an
increased concentration of α2,6-sial-Gs in human serum. Moreover,
high concentrations of α2,6-sial-Gs have been detected in colon and
liver cancer (Gessner et al., 1993), suggesting that α2,6-sial-Gs could be
used as clinical cancer biomarker.

Until recently, there were a few methods for detecting sialylated
glycans, such as electrospray mass spectrometry (Saarinen et al., 1999),
high-performance liquid chromatography-mass spectrometry (Harvey,
2011), and miniaturized glycosyltransferase assays (Patil et al., 2014).
However, these methods require professional technicians, long analysis
time and high-cost, which limit their widespread use. Therefore, earlier
attempts have explored novel detection techniques for the sensitive
analysis of sialylated glycans. In recent years, sandwich-type biosensors
have received attention as one of the important analytical techniques
for the sensitive and specific detection of proteins (Gevaerd et al., 2018;
Li et al., 2016a, 2016b; Lima et al., 2018). However, the use of this
design to detect glycans was limited in biomedical applications due to
the absence of a second specific antibody. In this research, a novel re-
cognition system to detect α2,6-sial-Gs was fabricated with specific a
recognition component for Sambucus nigra agglutinins (SNA) (Li et al.,
2015; Park et al., 2012) and a nonspecific recognition component for 3-
aminophenylboronic acid (M-APBA) (Otsuka et al., 2003). We
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successfully constructed a sandwich electrochemical biosensor and
combined it with a label-free electrochemical biosensor to construct a
novel dual-type responsive electrochemical biosensor. The novel bio-
sensor performed wider detection range than the conventional elec-
trochemical biosensors (Zhang et al., 2018a, 2018b, 2018c, 2018d).

In recent years, gold nanomaterials have been widely applied to the
field of biosensors due to their excellent electrical conductivity and
biocompatibility, and studies on nanomaterials have found that gold
nanomaterials can form different morphologies, such as nanoparticles
and nanorods (Narang et al., 2015; Skrabalak et al., 2007; Won et al.,
2011; Yavas et al., 2018). Compared with gold nanoparticles, gold
nanorods (AuNRs) have greater specific surface area and better bio-
compatibility (Narang et al., 2015). Thus, AuNRs can be used as better
carriers to bind SNA. To improve the sensitivity (positively correlated to
the numbers of SNA) of the proposed biosensor, biotinylated Sambucus
nigra (Elderberry) bark lectin (bio-SNA) was used instead of SNA to
build the biotin-streptavidin system (Wu et al., 2017). Streptavidin (SA)
were used to immobilize the surface of the AuNRs; subsequently, bio-
SNA could load on the electrode in a large amount. Based on this se-
quential administration mode, a label-free biosensor was fabricated
using AuNRs-SA as the support platform, which can conduct the quick
detection of α2,6-sial-Gs via the differential pulse voltammetry (DPV)
method (Zhang et al., 2018a, 2018b, 2018c, 2018d).

Therefore, to achieve higher sensitivity in the detection of α2,6-sial-
Gs, a sandwich-type biosensor was introduced. The crucial factor in
developing a sandwich-type biosensor was substrate material (AuNRs-
SA) cooperating with the signal materials to achieve a sufficient signal
amplification. Thus, the choice of signal material was particularly im-
portant (Wang et al., 2015). Due to the excellent catalytic properties of
some nanomaterials, more attentions have been placed on the appli-
cation of nanomaterials for biosensors to achieve signal amplification.
Specifically, platinum (Pt) based nanostructures have been revealed to
conduct outstanding electrocatalytic activity with hydrogen peroxide
(H2O2), which is of immense importance for electrochemical energy
conversion (Sanzò et al., 2017). Furthermore, sulfur-doped metals ex-
hibit remarkable physical and chemical properties, and are appropriate
for a diverse range of applications (Bemana and Rashid-Nadimi, 2017).
To our knowledge, sulfur-doped Pt has not been exploited for electro-
chemical detections. Herein, a sulfur-doped Pt nanocluster (S-PtNC)
was successfully synthesized, and displayed good catalytic property as
well as numerous absorption/active sites, which indicates that S-PtNC
is a suitable signal material. To further achieve the signal amplification,
single-walled carbon nanohorns (SWCNHs) were applied to fix S-PtNC
on the surface, as a novel nanomaterial with good conductivity, a large
specific surface area and low toxicity (Dong et al., 2012; Liu et al.,
2017). The usage of SWCNHs increased the amount of S-PtNC fixed on
the surface of the SWCNHs and promoted the electrochemical signal
through the cocatalytic effect. To improve the biocompatibility of
SWCNHs, Yang's group synthesized carboxylated SWCNHs (Yang et al.,
2014). And the further grafted with M-APBA through Pt-NH2 bond and
-CO-NH- bond, the biocompatible carboxylated SWCNHs-S-PtNC (c-
SWCNHs/S-PtNC) could achieve signal amplification for offering more
combination sites. Therefore, a novel sandwich-type biosensor was
designed using a AuNRs-SA as the sensing matrix and c-SWCNHs/S-
PtNC as the signal label via the amperometric i-t curve method.

In this work, a label-free electrochemical biosensor was designed
using AuNRs-SA as the support platform to achieve the quick detection
of α2,6-sial-Gs. The AuNRs-SA and bio-SNA were modified on the
surface of a glassy carbon electrode (GCE), forming a sensing interface
with the α2,6-sial-Gs. With the increasing α2,6-sial-Gs concentration,
the DPV current response decreased. Further, to realize the ultra-
sensitive detection of α2,6-sial-Gs, c-SWCNHs/S-PtNC was introduced
as the signal tag. Combining with AuNRs-SA, a novel sandwich-type
biosensor was fabricated (Scheme 1). In the presence of the target, c-
SWCNHs/S-PtNC/M-APBA could be immobilized on the fabricated
biosensor. As a result, an increased current response was recorded in a

phosphate buffered saline (PBS) solution through the addition of 20 μL
of H2O2. This dual-type responsive electrochemical biosensor has three
major advantages: 1) The label-free biosensor provides a quick analysis
of α2,6-sial-Gs and may be a feasible alternative for point-of-care
testing. 2) The sandwich-type biosensor provides an ultrasensitive de-
tection of α2,6-sial-Gs and has great potential for detecting the low
level of biomarker. Moreover, the dual-type responsive biosensor could
also be combined to increase the detection range and potential of
practical application. 3) Compared with individual SWCNHs and S-
PtNC, c-SWCNHs/S-PtNC composites have a more efficient catalytic
ability.

2. Experimental

2.1. Materials and reagents

Neu5Ac α(2−3)Gal β MP glycoside and Neu5Ac α(2−6)Gal β MP
glycoside were provided by Tokyo Chemical Industry. Biotinylated
Sambucus nigra (Elderberry) bark lectin (bio-SNA) was purchased from
Vector Laboratories, Inc. (USA, Burlingame, www.vectorlabs.com).
Potassium tetrachloroplatinate (I) (K2PtCl4) was purchased from
MACKLIN (Shanghai, China). Methylene blue (MB), bovine serum al-
bumin (BSA, 96–99%), streptavidin (SA), N-hydroxy succinimide (NHS)
N-(3-dimethylaminopropyl)-N′-ethylcarbodiimidehydrochloride (EDC)
were acquired from Sigma-Aldrich (St. Louis, USA, www.sigmaadrich.
com). Gold (Ш) chloride trihydrate (HAuCl4·4H2O), Hexadecyl tri-
methyl ammonium bromide (CTAB), silver nitrate (AgNO3), 3-amino-
phenylboronic acid (M-APBA), Dopamine (DA), L-cysteine, and ascorbic
acid (AA) and glucose were purchased from Aladdin (Shanghai, China,
www.aladdin-e.com). Single wall carbon nanohorns were purchased
from the Nanjing XFNANO Materials Tech Co., Ltd. (Nanjing, China). A
phosphate-buffered solution (PBS) was prepared with KH2PO4 and
Na2HPO4 containing 0.15M NaCl (pH = 7.0). All aqueous solutions
used ultrapure grade water afforded by a Millipore Milli-Q system
(>18.2MΩ cm, USA, www.millipore.com). Potassium ferricyanide
(K3Fe(CN)6) and potassium ferrocyanide (K4Fe(CN)6) were provided by
Beijing Chemical Reagents Company (Beijing, China).

2.2. Apparatus and measurements

All electrochemical experiments, including the amperometric i-t
curve, cyclic voltammetry (CV), electrochemical impedance spectro-
scopic (EIS) and differential pulse voltammetry (DPV) were performed
with a CHI 660E workstation (Chenhua Instruments Co., Shanghai,
China) at room temperature with a three-electrode system, consisting of
a platinum wire electrode as the counter electrode, a saturated calomel
electrode (SCE) as the reference electrode and a modified glassy carbon
electrode (GCE, 4mm in diameter) as the working electrode. The
morphologies of the different nanomaterials were characterized by
transmission electron microscopy (TEM) and field emission scanning
electron microscopy (FE-SEM). TEM images were obtained from a
Hitachi-7500 (Hitachi Limited, Japan). FE-SEM and energy dispersive
X-ray spectroscopy (EDS) images were collected using a JEOL JSM-
6700F (Japan, https://www.jeol.co.jp.) and an Oxford x-max50 mi-
croscope. X-ray photoelectron spectroscopy (XPS) measurements were
performed with a VG Scientific ESCALAB 250 spectrometer (Thermo
Nicolet 250XI, USA). Fourier transform infrared (FT-IR) spectrum was
recorded by a Nicolet 6700 FT-IR spectrometer (Thermo Nicolet, USA).
UV–vis absorption spectra were obtained from a UV-2450 spectro-
photometer (Shimazu, Japan). Atomic force microscope (AFM) images
were recorded by a Bruker Dimension Icon microscope (USA).

2.3. Preparation of the AuNRs-SA composites

First, the AuNRs were synthesized via a seed growth methodology
(Won et al., 2011). To generate the Au seeds, 2.5 mL of a HAuCl4
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solution (0.5 mM) was mixed with 2.5mL of a CTAB solution (0.2 mM);
next, 300mL of NaBH4 (0.01 mM) was added and quickly mixed for
2min, then kept at 25 °C. Then, 5mL of the HAuCl4 solution (0.2 M)
was added to 5mL of the CTAB solution (1mM). Next, 0.15mL of
AgNO3 (4mM) was added to the solution and reacted for 5min. Then,
70 μL of AA (0.079mM) was added, and the solution was reacted for
2min. Then, 12mL of the prepared Au seed was added to the solution
and stirred violently for 20 s and left to react at 25 °C for 2 h. Later, the
AuNRs were collected by centrifugation at 5000 rpms for 30min, wa-
shed three times and dissolved in 200 μL of ultrapure water. Then, 40 μL
of SA (1mgmL−1) was added to the solution and shaken overnight.
Finally, after washing 3 times, a solution of AuNRs-SA composites were
obtained.

2.4. Preparation of c-SWCNHs/S-PtNC composites

The preparation of c-SWCNHs was achieved according to a pre-
viously reported procedure (Yang et al., 2014). Initially, SWCNHs were
dissolved in a mixed solution of 98% H2SO4, 68% HNO3 and ultrapure
water (1:3:6 in volume ratio) and then sonicated for 1 h. Then, the
mixture was heated at 40 °C for 6 h to generate the c-SWCNHs. The
mixture was centrifuged at 8000 rpmmin−1 for 5min and washed three
times. Finally, the precipitate was dissolved in 4mL of ultrapure water
prior to use.

A previously reported method was used for the preparation of the c-
SWCNHs/S-PtNC, with little modification (Nandan and Nanda, 2013).
First, 1 mL of c-SWCNHs (2.5 mgmL−1) solution was sonicated for
5min. Next, a 5mL solution of K2PtCl4 was prepared by dissolving
K2PtCl4 powder in ultrapure water, and a 6mL MB solution (0.1 mM)
was prepared. The prepared c-SWCNHs, K2PtCl4 and MB solutions were

mixed together and heated at 90 °C for 5 h. Finally, the mixture was
centrifuged at 10,000 rpmmin−1 for 5min, washed three times and
dissolved in 1mL of ultrapure water.

2.5. Preparation of c-SWCNHs/S-PtNC/M-APBA composites

First, 1 mL of the c-SWCNHs/S-PtNC composites, 50 μL of EDC
(50mgmL−1) and 50 μL of NHS (50mgmL−1) were lightly mixed for
30min at 4 °C. Next, 50 μL of M-APBA (50mgmL−1) was added to the
compound mixture and stirring continued for 4 h. Then, 100 μL of a
0.25 wt% BSA solution was added to the mixture and lightly mixed for
1 h at 4 °C. Finally, the black precipitates were collected and washed
with ultrapure water several times and dispersed in 0.5mL of ultrapure
water.

2.6. Interface modification of the biosensor

A schematic diagram showing the fabrication of the biosensor is
presented in Scheme 1. First, the GCE was cleaned by polishing it with
0.3 and 0.05 µm of alumina paste and rinsed with ultrapure water and
ethanol. Then, 1.2 mgmL−1 of the as-prepared AuNRs-SA composites
solution was modified onto the GCE surface and air-dried at room
temperature. The attachment of bio-SNA to the modified electrode was
achieved by incubating the electrode in an 8 μL solution of bio-SNA
(0.2mgmL−1) for 1.5 h. The electrode was then rinsed with ultrapure
water. Next, 6 μL of a 0.25 wt% BSA solution was placed onto the
modified electrode in order to block nonspecific sites.

Scheme 1. (A) Preparation process of c-SWCNHs/S-PtNC/M-APBA. (B) Schematic representation of the proposed strategy for the biosensor.
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2.7. Electrochemical detection of label-free type and sandwich-type

According to the label-free biosensor detection procedure (Wang
et al., 2018), the modified electrode was incubated in different con-
centrations of standard α2,6-sial-Gs solutions for 2.5 h at 30 °C and then
washed with ultrapure water. The DPV was carried out from −0.2 to
0.6 V to record current signals. Furthermore, on the basis of the sand-
wich-type biosensor detection procedure, 10 μL of the pretreated c-
SWCNHs/S-PtNC/M-APBA composites were placed onto the modified
electrode and incubated for 2 h at 30 °C. The electrochemical detection
signal of the amperometric i-t curve was recorded at −0.4 V in 5mL of
PBS, (pH 7.0) at 25 °C. Until the background current was stable, 20 μL
of H2O2 (2.0 mol L−1) was added to the PBS solution·H2O2 could be
catalyzed to H2O and O2 by c-SWCNHs/S-PtNC, and an electrical signal
was generated, due to the transfer of electrons during the redox process
(Fig. S4).

3. Results and discussion

3.1. Characterization of materials

3.1.1. Characterization of AuNR and AuNRs-SA
FE-SEM, TEM, UV–vis, FTIR, EDS and XPS were used to characterize

the as-prepared materials. TEM investigated the morphology and
structure of the materials. Fig. 1A shows the TEM image of the AuNRs,
which had a rod structure with a diameter of 50 nm. When the SA were
immobilized on the surface of the AuNRs, the formation of the AuNRs-
SA composites by UV–vis spectra and ζ-potential were displayed. As
shown in Fig. S6, a salient peak was observed at 710 nm, which belongs
to AuNRs. Comparing the UV–vis spectrum of the AuNRs with that of
the AuNRs-SA, the AuNRs-SA has a peak at 260 nm due to the SA.
Moreover, the ζ-potentials of the AuNRs-SA and Au are illustrated in
Fig. S7A; the ζ-potentials of AuNRs and AuNRs-SA were 22.4 and 2.7,
respectively. These results indicate that the AuNRs successfully com-
bine with the negatively charged SA (Zhang et al., 2018a, 2018b,
2018c, 2018d).

3.1.2. Characterization of c-SWCNHs/S-PtNC/M-APBA
To demonstrate the successful formation of the signal materials,

TEM and FE-SEM were used. The FE-SEM image showed the framework
of c-SWCNHs which was stacked by many spherical nanostructures with
diameter of approximately 50 ± 10 nm (Fig. 1B). As shown in Fig.
S1A, the S-PtNC nanocomposites were dendritic structures with a
length of 60 nm. Fig. 1C displays the FE-SEM image of the S-PtNC na-
nocomposites that were evenly distributed on the surface of the c-
SWCNHs. The TEM image (Fig. 1D) illustrates that the S-PtNC nano-
composites were efficiently and successfully attached to the c-SWCNHs.
Furthermore, the Pt and S elements were displayed in the EDS of c-
SWCNHs/S-PtNC (Fig. 1E), which further demonstrated that the S-PtNC
nanocomposite was attached to the surface of the c-SWCNHs. More-
over, the XPS result of the c-SWCNHs/S-PtNC is shown in Fig. 1F and
Fig. S5. The XPS results of S-PtNC/c-SWCNHs show signals for C1s at
284.98 eV, for S2p at 164.23 eV, and for Pt4f at 71.28 eV. The XPS
reveals that the c-SWCNHs/S-PtNC was successfully synthesized. The ζ-
potentials of c-SWCNHs/S-PtNC and c-SWCNHs/S-PtNC/M-APBA were
−10.3 and 0.01 (Fig. S7B). These results demonstrated successful
modification of the c-SWCNHs/S-PtNC by the positively charged M-
APBA. In summary, the signal materials were successfully synthesized.
Additionally, we compared the electrochemical behaviors of the dif-
ferent nanomaterials by the amperometric i-t curve in the
Supplementary Information (Fig. S1B).

3.2. Characterization of the proposed biosensor

First, we used an electrochemical impedance spectroscopy (EIS)
measurement in a 5mM [Fe(CN)6]3-/4- solution to monitor the fabri-
cation procedures of the sensing interface. In the Nyquist diagram,
there were two parts: one was a semicircle, and the other one was a
line. The semicircle diameter at higher frequencies showed the electron
transfer resistance, the linear part at lower frequencies showed the
diffusion process (Yuan et al., 2018). As shown in Fig. 2A, the bare GCE
presented a small semicircle at high frequency (curve a). After the
electrode surface was modified with AuNRs-SA, the resistance was

Fig. 1. TEM image of AuNRs (A), FE-SEM images of c-SWCNHs (B), c-SWCNHs/S-PtNC (C). TEM image of c-SWCNHs/S-PtNC (D). EDS image of c-SWCNHs/S-PtNC
(E). The XPS spectra of c-SWCNHs/S-PtNC (F).
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much less than that of the bare GCE (curve b). This result demonstrated
that the AuNRs-SA has excellent conductivity, which can enhance
electronic transfer between the electrolyte solution and the electrode
surface. After incubating with bio-SNA (curve c), the resistance in-
creased. This result represents that the bio-SNA is fixed on the electrode
surface through the specific binding of SA and biotin. Then the re-
sistance further increased (curve d) after the prepared biosensor was
blocked with BSA, because BSA hindered the electron transfer. After-
wards, the resistance of curve e further increased due to the α2,6-sial-
Gs blocking the electron transfer, therefore demonstrating that the
capture of α2,6-sial-Gs was successful.

Cyclic voltammetry (CV) measurements were conducted in a 5mM

[Fe(CN)6]3-/4- solution to further monitor the fabrication procedures of
the sensing interface (Fig. 2B). The bare GCE displayed a couple of
typical reversible redox peaks (curve a). After the electrode was coated
with AuNRs-SA, the peak current was significantly enhanced (curve b)
due to the excellent conductivity of AuNRs-SA. While the bio-SNA was
fixed on the modified electrode, the peak current was decreased (curve
c) due to the poor conductivity of bio-SNA. After blocking with BSA, the
peak current further dropped (curve d) because the BSA hindered the
electron transfer. Afterwards, curve e was decreased again displaying
that the electron transfer was blocked and the successful capture of
α2,6-sial-Gs. These results demonstrate that the fabrication of the bio-
sensor was successful.

Fig. 2. EIS (A) and CV (B) characterization of the electrodes at various stages of modification in a 5mM [Fe(CN)6]3−/4− solution: (a) bare GCE, (b) GCE/AuNRs-SA,
(c) GCE/AuNRs-SA/bio-SNA, (d) GCE/AuNRs-SA/bio-SNA/BSA and (e) GCE/AuNRs-SA/bio-SNA/BSA/α2,6-sial-Gs.

Fig. 3. The effects of the (A) concentration of AuNRs-SA, (B) immobilization time of bio-SNA, (C) incubation time and (D) concentration of H2O2.
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In order to demonstrate the successful fabrication of the biosensor,
AFM was used to characterize the electrode. As shown in Fig. S8, after
the bio-SNA solution was coated onto the AuNRs-SA (Fig. S8B), the
surface became smooth compared to the AuNRs-SA modified electrode
(Fig. S8A). The mean roughness depth (Rz) of the modified electrode
was 18.912 nm. The height of the modified electrode material changed
from 9.42 nm to 10.99 nm (Li et al., 2016a, 2016b). Then, BSA was used
to block the electrode and the surface smoothness increased slightly.
The mean roughness depth (Rz) was measured at 14.107 nm and the
height increased to 14.69 nm (Fig. S8C). After α2,6-sial-Gs were coated
onto the electrode, the surface became smoother, the mean roughness
depth (Rz) was 11.030 nm and the height increased to 16.40 nm due to
α2,6-sial-Gs covered the gaps in the electrode surface (Fig. S8D). Col-
lectively, the results illustrate the successful fabrication of the bio-
sensor.

3.3. Optimization of experimental condition

To obtain the optimal electrochemical performance, we investigated
factors that may affect biosensor performance, such as the concentra-
tion of the AuNRs-SA, the incubation time of the bio-SNA, the incuba-
tion time of α2,6-sial-Gs, and the concentration of H2O2.

The concentration of AuNRs-SA was investigated to improve the
sensitivity of the biosensor and provide a favorable platform for loading
the bio-SNA. The concentration of the AuNRs-SA was tested in the
range of 0.6 mgmL−1 to 1.4mgmL−1. The results in Fig. 3A show that
the changes increased until a concentration of 1.2 mgmL−1 and then
began to level off. Hence, the optimal concentration of the AuNRs-SA
was determined to be 1.2mgmL−1.

The incubation time of the bio-SNA also played a key role in in-
fluencing the performance of the biosensor by dictating the amount of
bio-SNA fixed on the electrode surface. The results shown in Fig. 3B
indicate that the current change increased with the incubation time
from 30 to 90min and reached the maximum value at 90min. There-
fore, the immobilization of bio-SNA reached saturation at 90min.
Hence, 90min was considered as the optimal incubation time.

The incubation time of α2,6-sial-Gs is an extremely important
factor. From Fig. 3C, we observed that the current change increased
from 1.0 to 2.5 h. When the incubation time was longer than 2.5 h, the
current remained stable. Therefore, 2.5 h was selected as the optimal
incubation time.

In addition, the concentration of H2O2 was a critical parameter for
the performance of the biosensor. It was found that the current in-
creased with an increase in the concentration of H2O2 from 1.4 mol L−1

to 2.0mol L−1. The current remained steady after more than
2.0 mol L−1 (Fig. 3D). Hence, the H2O2 concentration of 2.0 mol L−1

was the optimal condition.
In general, the biosensor performance was best only when the

concentration of AuNRs-SA was 1.2 mgmL−1, the incubation time of
bio-SNA was 90min, the incubation time of α2,6-sial-Gs was 2.5 h, and
the concentration of H2O2 was 2.0mol L−1.

3.4. Analysis and detection

To explore the performance of the prepared label-free biosensor, a
series of α2,6-sial-Gs were detected under the optimal conditions
(Fig. 4A). The current signal of the proposed biosensor increased with
the increase in α2,6-sial-Gs concentration. This result indicates that the
change of the current response was linked to the quantity of glycoside
captured. The calibration plot (Fig. 4B) showed a good linear re-
lationship in the range of 5 ngmL−1 to 5 μgmL−1, with the limit of
detection reaching 0.50 ngmL−1 (defined as DL=3SB/m, where m is
the slope of the corresponding calibration curve and SB is the standard
deviation of the blank). The linear regression equation was
Y= 12.51 *logC-1.97, with a correlation coefficient of 0.9967. The
label-free biosensor achieved the quick and quantitative detection of

α2,6-sial-Gs. Then, we explored the performance of the sandwich-type
biosensor. The amperometric i-t curves were recorded in 5mL of PBS
(0.1M, pH 7.0) with 20 μL of H2O2 added to the solution. The current
response was shown in Fig. 4C. The current increased gradually with
increase in concentration from 10 fgmL−1 to 100 ngmL−1. As shown in
Fig. 4D, the current response and the logarithm of the α2,6-sial-Gs
concentration exhibited a good linear relationship. The linear regres-
sion equation was Y=10.12 *logC+ 45.48, with a correlation coeffi-
cient of 0.9995. The limit of detection was 0.69 fg mL−1. In comparison
with the label-free biosensor, the sandwich-type biosensor had a higher
sensitivity and a lower detection limit due to the introduction of c-
SWCNHs/S-PtNC/M-APBA. c-SWCNHs/S-PtNC/M-APBA as the signal
label had the function of amplifying electrical signals. By combining the
label-free biosensor and the sandwich-type biosensor, the detection
range can be increased and the biosensor is more practical. Compared
with those of a previously reported biosensor for α2,6-sial-Gs in
Table 1, the dual-type responsive biosensor achieved much better per-
formance with a wider detection range and a lower detection limit.

3.5. Specificity, stability and reproducibility of the electrochemical
biosensor

To evaluate the specificity of the sandwich-type electrochemical
biosensor, we compared the effects of some interfering substances, such
as Neu5Ac α(2−3)Gal β MP glycoside (α2,3-sial-Gs) (1 ngmL−1), AA
(1 ngmL−1), glucose (1 ngmL−1), and L-cysteine (1 ngmL−1). The
current value of the target α2,6-sial-Gs was significantly higher than
that caused by other interferents (Fig. 5A). These experiments con-
firmed that the current response comes from specific recognition of
α2,6-sial-Gs and bio-SNA. These results show the high specificity of the
sandwich-type biosensor. The label-free also exhibited excellent speci-
ficity in Fig. S3A. The detailed descriptions were shown in the
Supplementary information.

Stability is an important factor for evaluating the performance of a
biosensor. A series of biosensors were fabricated and stored at 4 °C.
After 28 days, the current value of these biosensors remained at 89.63%
of the initial current value. The results suggest that the sandwich-type
electrochemical biosensor possessed good stability. The reproducibility
of the sandwich-type biosensor was evaluated by the measurement of
the same concentration of α2,6-sial-G (10 pgmL−1) using five different
electrodes (Fig. 5B). The relative standard deviation (RSD) of the bio-
sensor was 0.4796%. It was suggested the sandwich-type biosensor had
good precision and reproducibility. In addition, the label-free also ex-
hibited good reproducibility (Fig. S3B).

3.6. Analysis of serum simple

To examine the potentiality of the biosensor for α2,6-sial-Gs ana-
lysis in real samples, standard addition method was applied (Ribeiro
et al., 2018; Zhang et al., 2018a, 2018b, 2018c, 2018d). The biosensor
was applied to analyze the healthy human diluted serum samples
spiked with different concentrations of α2,6-sial-Gs. The recovery rates
were 96.736–103.41% as shown in Table S1, and the RSDs were less
than 5%. The recovery test showed that the biosensor could detect
different concentrations of α2,6-sial-Gs in the serum sample, and sug-
gested that the feasibility of the proposed biosensor for clinical appli-
cation.

4. Conclusion

In summary, a specific dual-type responsive electrochemical bio-
sensor, was fabricated to detect α2,6-sial-Gs. The biosensor uses AuNRs-
SA as the sensing platform, which could accelerate the electron transfer
rate and load more bio-SNA. As a result, a label-free responsive elec-
trochemical biosensor was achieved. And c-SWCNHs/S-PtNC as the
novel signal label, was used to fabricate the sandwich-type biosensor,
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Fig. 4. (A): Differential pulse voltammetry responses of the proposed label-free biosensor for the determination of different concentrations of α2,6-sial-Gs: (a)
0 ngmL−1; (b) 5 ngmL−1; (c) 50 ngmL−1; (d) 500 ngmL−1; (e) 5 μgmL−1; (f) 50 μgmL−1. (B): The calibration curve of the label-free biosensor for different
concentrations of α2,6-sial-Gs. (C) The amperometric i-t curves of the proposed biosensor with different target α2,6-sial-Gs concentrations in 5mL of PBS (pH 7.0)
with the addition of H2O2 (2.0mol L−1): (a) 0 fg mL−1; (b) 1 fg mL−1; (c) 10 fg mL−1; (d) 100 fg mL−1; (e) 1 pgmL−1; (f) 10 pgmL−1; (g) 100 pgmL−1; (h)
1 ngmL−1; (i) 10 ngmL−1; (j) 100 ngmL−1; (D) The calibration curve of the sandwich-type biosensor for different concentrations of α2,6-sial-Gs.

Table 1
Analytical performance compared with other methods of α2,6-sial-Gs detection.

Detection methods Linear rage Detection limit Reference

Label-free biosensor 10 fg mL−1- 1 μgmL−1 0.003 pgmL−1 (Li et al., 2015)
Label-free biosensor 0.1 pgmL−1- 500 ngmL−1 0.03 pgmL−1 (Gao et al., 2014)
Dual-type responsive electrochemical biosensor 1 fg mL−1- 5 μgmL−1 0.69 fg mL−1 This work

Fig. 5. (A) Specificity of the sandwich-type biosensor towards: 10 pgmL−1 of target, mixture, 1 ngmL−1 of α2,3-sial-Gs, 1 ngmL−1 of glucose, 1 ngmL−1 of BSA,
and blank control; (B) Reproducibility of the sandwich-type biosensor fabricated on five different electrodes for the detection of 10 pgmL−1 of α2,6-sial-Gs.
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which exhibited an ultrasensitive detection of α2,6-sial-Gs. This fabri-
cated biosensor exhibited wide detection range, low detection limit,
outstanding specificity, excellent reproducibility and stability. This
method showed a potential for α2,6-sial-Gs determination in actual
samples and could be expanded readily for detection of other glyco-
proteins in clinical practice. However, due to the biosensor fabrication
requiring multiple modifications step, the biosensor was limited in
practical application. Therefore, future work will be focused on devel-
oping a method for simplifying the preparation process, such as using
codeposition and other novel nanotechnologies.
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