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Accurate and highly sensitive detection of glycan expression on cell surface is extremely important for
cancer diagnosis and therapy. Herein, a carbohydrate derivative-functionalized biosensor was developed
for electrochemical detection of the expression level of cell surface glycan (mannose used as model).
Thiomannosyl dimer was synthesized to design the thiomannosyl-functionalized biosensor by direct and
rapid one-step protocols. The biosensing surface-confined mannose could effectively mimic the pre-
sentation of cell surface mannose and was responsible for competing with mannose on cancer cells in
incubation solution. Greatly enhanced sensitivity was achieved by exploiting the excellent conductivity
of multiwalled carbon nanotube/Au nanoparticle (MWNT/AuNP), the amplification effect of MWNTs, and
the favorable catalytic ability of horseradish peroxidase (HRP). Using competitive strategy, the developed
biosensor exhibits attractive performances for the analysis of mannose expression with rapid response,
high sensitivity and accuracy, and possesses great promise for evaluation of cell surface glycan expression
by using a greater variety of lectins.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

Glycans, the key components of cell surface glycolipids and
glycoproteins, play critical roles in fundamental biological events
including bacterial pathogenesis, inflammation, and cancer cell
metastasis (Ohtsubo and Marth, 2006; Helenius and Aebi, 2001;
Haslam et al., 2006; Zhang et al., 2011; Matsumoto et al., 2009).
According to research, the expression levels of glycans can be ac-
ted as therapeutic targets or clinical biomarkers to convey in-
formation about the physiological state of cells (Ding et al., 2009;
Zhang et al., 2010; Hollingsworth and Swanson, 2004; Gorelik
et al., 2001). Therefore, it is urgent to develop simple technology
for sensitive and accurate assay of glycan expression on cell
surface.

Consequently, many kinds of biosensors were developed for
glycan analysis based on optical, electrochemical, and piezoelectric
transducers (Park et al., 2009; Dai et al., 2006; Lyu et al., 2008;
Svarovsky and Joshi, 2014). Among them, electrochemical bio-
sensors have been well recognized to be a promising solution for
ang).
signal transduction due to the fact that electrochemical detectors
are simple, portable and inexpensive (Zhang et al., 2009; Peng
et al., 2014; Zheng et al., 2014). Combining with nanotechnology in
materials science, electrochemical biosensor opens up new hor-
izons for the highly sensitive determination of biological and en-
vironmental analytes because of the nanomaterial-based signal
amplification platform (Zhang et al., 2014; Ma and Nakazato,
2014). For example, a high sensitive biosensor based on FePt/CNTs
nanocomposite/N-(4-hydroxyphenyl)-3,5-dinitrobenzamide mod-
ified carbon paste electrode was developed for simultaneous de-
termination of glutathione and piroxicam (Karimi-Maleh et al.,
2014). The 2,2′-[1,2-ethanediylbis(nitriloethylidyne)]-bis-hydro-
quinone double-wall carbon nanotube paste electrode was re-
ported for simultaneous determination of epinephrine, uric acid
and folic acid (Beitollahi et al., 2008). A highly sensitive nanos-
tructure-based electrochemical sensor was described for electro-
catalytic determination of norepinephrine in the presence of
acetaminophen and tryptophan (Mazloum-Ardakani et al., 2011).
Carbon paste electrode modified with cobalt porphyrin and TiO2

nanoparticles was used for the determination of levodopa in the
presence of carbidopa (Mazloum-Ardakani et al., 2012).

However, regarding the assay of cell surface glycans, many re-
searchers are enthusiastic in looking for effective ways to improve
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the analysis performance due to the lack of electroactive groups in
glycans. In this respect, various methods based on labeling tech-
nologies with electroactive moieties, enzymes, interactive sub-
stances, and nanomaterials have been developed to enhance the
electrochemical signal (Singh et al., 2013; Zhang et al., 2015; Lo-
tierzo et al., 2012; Scavetta et al., 2014). Among these labels, en-
zymes have attracted broad attentions because of their easy la-
beling and especially signal amplification for sensitivity enhance-
ment (Zhao et al., 2014; Jeong et al., 2013).

With the aim of designing a successful biosensor, the applied
biomaterials for sensing interface are crucial for improving bio-
sensor performance. Inspired by the concept of DNA and protein
biosensors, carbohydrate-functionalized biosensors, which are
composed of carbohydrate attached to a solid surface, have re-
cently been developed as reliable and efficient tools for the assay
of biological analytes (Pussak et al., 2013; Shin et al., 2005; Martin
et al., 2013). This technology not only facilitates fast and sensitive
analysis of a large number of biomolecules, but also effectively
mimics the presentation of glycans on living cell surface to exhibit
multivalent interactions with receptors (Bian et al., 2014; Mader
et al., 2012). Regarding the construction of the carbohydrate-
functionalized biosensor, the efficient immobilization of carbohy-
drates is an important factor because carbohydrates do not have
functional groups (Yamada et al., 2013). Most of the attempted
strategies for carbohydrate immobilization so far rely on multistep
protocols aimed at indirect immobilization. However, the utiliza-
tion of these methods might be hindered owing to the biosensor
requirement for one-step protocols with direct and rapid im-
mobilization (Seo et al., 2007). Alternatively, the development of
carbohydrate derivatives containing anchor groups (e.g., thiols,
disulfides, amines, selenols) to functionalize electrode surfaces
provides a simple and rapid avenue for the biosensor preparation
(Zou et al., 2008; Deng et al., 2011).

In this work, an amplified carbohydrate derivative-functiona-
lized electrochemical biosensor was developed for competitive
assay of glycan expression on living cancer cells. Here, mannose
present on cancer cells derived from human lung, liver, and
prostate was used as a model glycan. A thiol-derivatized carbo-
hydrate (thiomannosyl dimer, [mannose–S]2), comprising of dis-
ulfide portion [S–S] and mannose portion, was synthesized to
Fig. 1. Schematic illustration of (a) the preparation of the {Con A–MWNT–HRP} bioc
competitive assay of mannose expression on cancer cells.
design the biosensor by direct and rapid one-step protocols, in
which the disulfide part anchored the molecule and the mannose
portion was responsible for competing with glycan on cell surface.
The multiwalled carbon nanotube/Au nanoparticle (MWNT/
AuNP)-modified glassy carbon electrode (GCE) was used as sub-
strate to construct the thiomannosyl-functionalized biosensor
(GCE/MWNT/Au–S–mannose). Owing to the large surface area and
excellent conductivity of MWNT/AuNP, the substrate not only
provided a highly suitable environment for thiomannosyl dimer
assembling through Au–S bond but also played a significant role in
signal enhancement. The {Con A–MWNT–HRP} bioconjugates, as
recognition elements, were fabricated by exploiting the amplifi-
cation effect of MWNTs for loading enormous horseradish perox-
idase (HRP) labels and mannose-specific concanavalin A (Con A)
(Fig. 1a). Unlike the two-step sandwich analysis, the present pro-
tocol relied on a rapid and one-step competitive assay, in which
the biosensing surface-confined mannose competed with cell
surface mannose to recognize the {Con A–MWNT–HRP} bio-
conjugates by the specific interaction between mannose and Con
A. The analysis of cell surface mannose was performed based on
the catalytic reaction of HRP toward the oxidation of hydro-
quinone (QH2) by H2O2, which could introduce further signal en-
hancement (Fig. 1b). Under optimal conditions, the proposed
biosensor exhibited attractive performances for the analysis of
cancer cells with wide linear ranges and low detection limits. The
average amount of mannose on single cell surface was also eval-
uated to be 1.3�1010 molecules for QGY-7703 (liver cancer cell),
5.8�1010 molecules for A549 (lung cancer cell), and 1.9�1010

molecules for LNCaP (prostate cancer cell). Therefore, the carbo-
hydrate derivative-functionalized electrochemical biosensor gives
a useful protocol for glycan assay with high sensitivity, accuracy
and rapid response, and may help the medical diagnosis and
treatment in the early process of cancer.
2. Experimental

2.1. Reagents and materials

Concanavalin A (Con A), horseradish peroxidase (HRP, MW
onjugates and (b) the thiomannosyl-functionalized electrochemical biosensor for
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44,000), HRP-labeled Con A ({Con A–HRP}), 1-ethyl-3-(3-di-
methylaminopropyl) carbodiimide (EDC) and N-Hydro-
xysuccinimide (NHS) were purchased from Sigma-Aldrich (St.
Louis, MO, USA). Fluorescein Con A was obtained from Vector La-
boratories (Burlingame, CA, USA). Multiwalled carbon nanotubes
(MWNTs, 10–30 nm in diameter) were obtained from Nanotech
Port Co., Ltd. (Shenzhen, China). Mannose was purchased from
Aladdin Reagent Database Inc. (Shanghai, China). Gold chloride
tetrahydrate (HAuCl4 �4H2O), H2O2, hydroquinone (QH2), N,N-di-
methylformamide (DMF), Tris–HCl buffer (pH 7.4), Tween-20 and
other chemical reagents were obtained from Chemical Reagents
Co., Ltd. (Shanghai, China). All solutions were prepared with MilliQ
water (18 MΩ cm) from a Millipore system.

2.2. Cell culture and treatment

Human liver cancer cell: QGY-7703, lung cancer cell: A549, and
prostate cancer cell: LNCaP, were obtained from Institute of Bio-
medical Sciences, East China Normal University (Shanghai, China).
These three cancer cells were maintained in RPMI-1640 Medium
with 10% fetal bovine serum at 37 °C in a humidified atmosphere
of 5.0% CO2. All cell culture reagents were from Sigma-Aldrich (St.
Louis, MO, U.S.A.). At the logarithmic growth phase, cells were
trypsinized and washed twice with phosphate-buffered saline
(PBS, pH 7.4) by centrifugation at 1000 rpm for 5 min. The sedi-
ment was dispersed in Tris–HCl buffer (pH 7.4, containing 1.0 mM
Mn2þ , 1.0 mM Ca2þ and 0.10 M Naþ) to obtain a homogeneous
cell suspension.

2.3. Apparatus

All electrochemical measurements were performed with a CHI
660C workstation (CH Instruments Inc., Austin, TX, USA). A con-
ventional three-electrode configuration was employed all through
the experiment, which involved a glassy carbon working electrode
(GCE), a platinumwire auxiliary electrode, and a saturated calomel
reference electrode (SCE) (Chenhua Instruments, Shanghai, China).
Electrochemical impedance spectroscopy (EIS) was carried out
within frequency range of 0.10 Hz to 100 kHz at amplitude of
5 mV, cyclic voltammetry (CV) at a scan rate of 100 mV s�1, and
amperometric measurement in a stirred cell by applying a po-
tential of �0.06 V to the working electrode. Transmission electron
microscopy (TEM) was collected on JEM-2100 (JEOL Ltd., Tokyo,
Japan). Scanning electron microscopy (SEM) was carried out on
S-4800 (Hitachi Co., Ltd., Tokyo, Japan). UV–vis absorption spectra
were recorded on a Cary 500 UV–vis–NIR spectrometer (Varian
Inc., Palo Alto, CA, USA). Fourier transform infrared (FT-IR) spectra
were recorded on a Nicolet Nexus 670 instrument (Thermo Nicolet
Co., USA) in KBr pellet form. Fluorescence images were collected
by fluorescence microscope (Leica DM4000B, Leica Microsystems,
Nussloch, Germany).

2.4. Preparation of the {Con A–MWNT–HRP} bioconjugates

The {Con A–MWNT–HRP} bioconjugates were prepared by ex-
ploiting the amplification effect of MWNTs as carriers for loading
enormous Con A and HRP, and the preparation process was de-
scribed in Fig. 1a. Briefly, MWNTs were first purified by refluxing in
3.0 M HNO3 for 24 h. The purified MWNTs were chemically shor-
tened by sonication in a mixture (1:3 v/v) of concentrated HNO3

(70%) and H2SO4 (98%) for 5 h at 70 °C by a 100 W ultrasonic
cleaner. The dispersion was filtered and washed repeatedly with
water until pH was �7.0, and then the resulting MWNTs were
dried under vacuum overnight. Subsequently, MWNTs were re-
dispersed in PBS by sonication to give a black dispersion
(1.0 mg mL�1). This dispersion was mixed with a 10 mL portion of
EDC (400 mM) and NHS (100 mM) solution, and stirred at room
temperature (RT) for 30 min. The mixture was centrifuged at
15,000 rpm for 5 min to obtain the precipitate of carboxyl-acti-
vated MWNTs. The precipitate was washed with water three
times, and then redispersed in PBS (4.0 mL). The MWNT solution
was incubated with Con A (1.0 mg mL�1) and HRP (20 mg mL�1)
overnight at RT under shaking to prepare the {Con A–MWNT–
HRP} bioconjugates. The bioconjugates were isolated by cen-
trifugation at 5000 rpm for 10 min and washed twice with PBS to
remove free Con A and HRP. After that, 0.05% Tween-20/Tris–HCl
buffer (2.0 mL) was added to the prepared bioconjugates to form a
homogeneous dispersion and stored in refrigerator at 4 °C.

2.5. Preparation of the thiomannosyl-functionalized biosensor

In the case of the biosensor design, GCE/MWNT/AuNP was used
as a substrate for thiomannosyl dimer assembling through Au–S
bond, which was fabricated by first introduction of MWNTs on
GCE (3 mm in diameter) surface and then electrodeposition of
AuNPs by multi-potential step. First, GCE was polished to a mirror
using 0.05 μm alumina on a polishing micro-cloth followed by
rinsing with pure water prior to surface modification. After suc-
cessive sonication in acetone, HNO3 (1:1 v/v), NaOH (50% w/w)
and water, the clean GCE surface was modified by casting MWNTs
in DMF (10 μL, 0.10 mg mL�1) and dried under infrared lamp.
Subsequently, AuNPs were electrodeposited onto the MWNT-
modified GCE via multi-potential step from þ1.055 to �0.045 V vs
SCE for 15 s in H2SO4 (0.50 M) solution containing HAuCl4
(0.10 mM) (Dai et al., 2004). The GCE/MWNT/AuNP was incubated
with thiomannosyl dimer (10 mg mL�1, which was prepared ac-
cording to the previous paper (Zhang et al., 2011)) in anhydrous
ethanol overnight at 4 °C. The electrode was washed with ethanol
and water, and then dried under nitrogen to give the thio-
mannosyl-functionalized biosensor.

2.6. Enzyme-amplified electrochemical detection

The thiomannosyl-functionalized biosensor was incubated
with a mixture of the {Con A–MWNT–HRP} bioconjugates
(0.20 μM) and cancer cells at a given concentration for 60 min at
RT, and then the biosensing surface-confined mannose competed
effectively with cell surface mannose to specifically recognize the
bioconjugates (Fig. 1b). After the competitive reaction, the result-
ing electrode was washed thoroughly with PBS to minimize the
background response. The electrochemical measurement was
performed in degassed PBS (0.10 M, pH 7.4) containing H2O2

(0.80 mM) and QH2 (0.20 mM). HRP in the bound bioconjugates on
the biosensing surface could catalyze the oxidation of QH2 by H2O2

and the enzymatic product was finally recorded by differential
pulse voltammetry (DPV) measurements to obtain a reduction
signal. The DPV measurements were from þ0.60 to �0.60 V with
pulse amplitude of 50 mV and width of 50 ms. With an increasing
cell concentration, a decreased peak current was obtained and a
strategy for analysis of cancer cells and mannose expression on
cell surface was established by the decrease of peak current.
3. Results and discussion

3.1. Characterization of the thiomannosyl-functionalized biosensor

SEM was used to charapcterize GCE modified with MWNT,
MWNT/AuNP and MWNT/Au–S–mannose, respectively. MWNTs
were mostly in the form of small bundles or single tubes on GCE
(Fig. 2a). The well-dispersed AuNPs (white dots) decorated on the
walls of nanotubes quite uniformly (Fig. 2b). The uniform



Fig. 2. Scanning electron microscopy (SEM) images of (a) GCE/MWNT, (b) GCE/MWNT/AuNP (Au NPs (white dots) decorated uniformly on the walls of MWNTs and six
particles of them are shown with arrows), and (c) GCE/MWNT/Au–S–mannose.

X. Zhang et al. / Biosensors and Bioelectronics 74 (2015) 291–298294
nanostructure possessed the advantages of high surface area, good
mechanical stability and enhanced conductivity, and thus pro-
vided a highly suitable environment for thiomannosyl dimer as-
sembling by direct and rapid one-step protocols. The surface of the
thiomannosyl-functionalized biosensor became much rougher and
richer in texture (Fig. 2c).

The electrochemical properties of the thiomannosyl-functio-
nalized biosensor were studied by EIS. Fig. S1A (Supplementary)
illustrates the Nyquist plots of EIS for the different modified
electrodes in the presence of redox probe Fe(CN)63� /4� . At a bare
GCE, the redox process of the probe showed an electron-transfer
resistance (Ret) of about 240Ω (curve a). When MWNTs were
Fig. 3. TEM (A, B) and SEM (C, D) images of MWNTs (A, C) and {Con A–MWNT–HRP} b
(a) and the {Con A–MWNT–HRP} bioconjugates (b).
modified on the electrode surface, the Ret decreased significantly
(curve b). The electrodeposition of AuNPs on the MWNT-modified
GCE further facilitated the electron transfer, exhibiting an almost
straight line (curve c). It was reasonable that MWNTs and AuNPs
could increase the effective surface area and accelerate electron
transfer. Subsequently, thiomannosyl dimer was assembled on
GCE/MWNT/AuNP (curve d), which partially blocked the electron
transfer of the redox probe and resulted in an obvious increase of
Ret. CVs also confirmed the electrical communication between the
redox probe Fe(CN)63�/4� and the electrodes upon the stepwise
modification process (Supplementary Fig. S1B). The obtained re-
sults from the CVs were in good accordance with those from EIS.
ioconjugates (B, D), UV–vis absorption spectra (E) and FT-IR spectra (F) of MWNTs
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3.2. Characterization of the {Con A–MWNT–HRP} bioconjugates

TEM was used to characterize MWNTs and the {Con A–MWNT–
HRP} bioconjugates. As shown in Fig. 3A, MWNTs had an average
diameter of 28 nm. The conjugation of Con A and HRP on MWNTs
led to a larger average diameter of 47 nm (Fig. 3B). Furthermore,
the surface of the {Con A–MWNT–HRP} bioconjugates was much
rougher in texture as compared to that of MWNTs. The resulting
bioconjugates were found to be stable for two weeks either from
TEM images or from the final activity of Con A and HRP. The size
expansion of MWNTs was verified by SEM images (Fig. 3C and D).

The {Con A–MWNT–HRP} bioconjugates were also character-
ized with UV–vis absorption spectra (Fig. 3E). As can been seen,
MWNTs exhibited the absorption peak at 282 nm due to the
contribution of the carboxyl groups (curve a). When MWNTs were
modified with Con A and HRP, the absorption peak at 400 nm
appeared, which was derived from HRP (curve b). Compared to
MWNTs, the peak at 282 nm blue-shifted slightly and became
broadening because of the interaction between MWNTs and Con
A. FT-IR spectrum of MWNTs displayed two peaks at 1723 and
1583 cm�1 (Fig. 3F, curve a), which could be assigned to the car-
bonyl stretch mode of COOH and COO� . After Con A and HRP
coupling, two new absorption bands corresponding to amide band
� (C¼O stretching) and� (N–H bending) respectively appeared at
1632 and 1528 cm�1 (Fig. 3F, curve b), and the peaks at 1723 and
1583 cm�1 attenuated.
Fig. 4. Dependence of DPV peak current of GCE/MWNT/Au–S–mannose modified with
time in the absence of cancer cells (a) and in the presence of QGY-7703 (b), LNCaP (c) an
curves for the detection of QGY-7703 cells (1.0�102 cells mL�1) with the thiomannosyl-
electrode and (d) GCE/MWNT as substrates, respectively. (D) CVs of the GCE/MWNT/Au
taining 0.10 M KCl), (b) PBS containing 0.20 mM QH2, and (c) PBS containing 0.20 mM Q
3.3. Optimization of the detection conditions

The concentrations of H2O2 and QH2 greatly influenced the
performance of the electrochemical enzyme-catalyzed analysis
and were optimized by amperometric measurements. The optimal
concentrations of H2O2 and QH2 for enzyme-amplified DPV de-
tection were 0.80 mM and 0.20 mM, respectively (Supplementary).

In the competitive assay, the saturated concentration of the
{Con A–MWNT–HRP} bioconjugates binding to the thiomannosyl-
functionalized biosensor was responsible for signal generation and
was optimized by saturation analysis. As shown in Fig. 4A, the DPV
peak current increased with increasing the bioconjugate con-
centration and trended to a steady value after 0.20 μM, indicating
that the saturated binding of the bioconjugates to the biosensing
surface-confined mannose. Thus, 0.20 μM of the {Con A–MWNT–
HRP} bioconjugates was used for the incubation step.

At the optimized concentration of the {Con A–MWNT–HRP}
bioconjugates, Fig. 4B shows the dependence of DPV peak current
upon incubation time in the absence of cancer cells (a), and in the
presence of QGY-7703 (b), LNCaP (c) and A549 (d) at the cell
concentration of 1.0�102 cells mL�1. With the increasing in-
cubation time, the peak current increased and tended to a plateau
at 60 min. Therefore, the incubation time of 60 min was chosen as
the optimal time for the specific recognition between Con A and
mannose.

3.4. Comparative study on the performance of the biosensor

The performances of the thiomannosyl-functionalized
{Con A–MWNT–HRP} upon (A) the bioconjugate concentration and (B) incubation
d A549 (d) at the cell concentration of 1.0�102 cells mL�1. (C) Comparison of DPV
functionalized biosensors based on (a) GCE/MWNT/AuNP, (b) GCE/AuNP, (c) bare Au
–S–mannose modified with {Con A–MWNT–HRP} in (a) 10 mM PBS (pH 7.4, con-
H2 and 0.80 mM H2O2.



Table 1
Detection results of cancer cells using the amplified electrochemical biosensor.

Cell A549 QGY-7703 LNCaP

Linear equation ip (μA)¼
8.85�1.15lg c

ip (μA)¼
10.12�1.25lg c

ip(μA)¼
9.39�1.14lg c

Linear range
(cells mL�1)

20–4.0�105 1.0�102–1.0�106 40–1.0�106

R2 0.989 0.987 0.988
Detection limit
(cells mL�1)

10 40 15
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biosensor with different substrates (GCE/MWNT/AuNP, GCE/AuNP,
bare Au electrode, and GCE/MWNT) were evaluated in the com-
parative study. Fig. 4C displays DPV peak current for the detection
of QGY-7703 cells (1.0�102 cells mL�1) using the four biosensors
based on enzymatic catalysis. As can be shown, the highest peak
current was obtained at the biosensor using GCE/MWNT/AuNP,
which was attributed to the favorable electronic properties of the
AuNP/MWNT and its high surface area for thiomannosyl dimer
assembling. The excellent electrical conductivity of the biosensor
could improve the detection limits and reduce the risk of false
negative determination at low cell concentrations.

After the thiomannosyl-functionalized biosensor was in-
cubated with the {Con A–MWNT–HRP} bioconjugates and QGY-
7703 cells (1.0�102 cells mL�1), CVs were used to investigate the
electrochemical behavior of the resulting electrode in different
solutions (Fig. 4D). As can be shown, the biosensor exhibited a low
background current without detectable electrochemical responses
in blank PBS (curve a). Upon the addition of QH2 to PBS, a pair of
well-defined redox peaks was observed for the redox of QH2 on
the electrode (curve b). After H2O2 was added to the above solu-
tion, the reduction peak current significantly increased (curve c),
suggesting an obvious electrocatalytic process of the immobilized
HRP to the oxidation reaction of QH2 by H2O2.

3.5. Electrochemical detection of cancer cells

Taking into account of the critical requirements for cancer de-
tection with high sensitivity in early diagnosis (Rutherford et al.,
2013), we applied the thiomannosyl-functionalized biosensor to
detect A549, QGY-7703 and LNCaP cells on the basis of the specific
recognition between Con A and cell surface mannose. Under op-
timal conditions, the DPV peak current for the quantification of
QGY-7703 cells is depicted in Fig. 5A. As can be seen, the
peak current decreased linearly with the logarithmic value of
QGY-7703 cell concentration over the range from 1.0�102

to1.0�106 cells mL�1 with detection limit of 40 cells mL�1 (S/
N¼3) (curve a, Fig. 5B). Using the same method, A549 and LNCaP
cells were also analyzed and the obtained results are summarized
in Table 1. The analytical performance of the proposed biosensor
has been compared with those cell-based sensors reported in the
literatures (Hu et al., 2008; Gu et al., 2009). Characteristics such as
the linear range and detection limit are summarized for all of them
in Table S1 (Supplementary). As can be observed, the proposed
biosensor exhibited good performance for the detection of cancer
cells with broad linear ranges and low detection limits.

In order to demonstrate the enhanced sensitivity caused by the
Fig. 5. (A) DPV curves of the thiomannosyl-functionalized electrochemical biosensor ob
1.0�106 cells mL�1 (from a to e). (B) Plots of peak current vs logarithm of QGY-7703
recognition. The error bars represented the standard deviations calculated from six elec
application of the {Con A–MWNT–HRP} bioconjugates, the com-
mercially available {Con A–HRP} was used to replace the bio-
conjugates for performing the same procedure. As shown in curve
b (Fig. 5B), the peak current was proportional to the QGY-7703
concentration from 60 to 6.0�105 cells mL�1 under the optimal
{Con A–HRP} concentration. The change of peak current was very
slight upon the increase of cell concentration. The detection sen-
sitivity of the proposed strategy was much higher than that ob-
tained from {Con A–HRP} by comparison between the two slopes,
verifying the advantages of the designed {Con A–MWNT–HRP}
bioconjugates.

The precision and reproducibility of the electrochemical bio-
sensor were evaluated by using the variation coefficients (CVs) of
the intra- and inter-assays. The intra-assay precision of the de-
veloped strategy was assessed by analyzing four concentration
standards of QGY-7703 for five times per run. The CVs of intra-
assay with this method were 6.5%, 6.8%, 5.7%, and 6.3% at 5.0�103,
1.0�104, 5.0�104, 1.0�105 cells mL�1 QGY-7703, respectively.
The CVs of inter-assay using five biosensors made at the same
electrode with various batches were 6.8%, 7.2%, 5.9%, and 6.7% at
5.0�103, 1.0�104, 5.0�104, 1.0�105 cells mL�1 QGY-7703, re-
spectively. These results indicated that the precision and re-
producibility of the biosensor were acceptable. When the thio-
mannosyl-functionalized biosensor and the {Con A–MWNT–HRP}
bioconjugates were stored in the refrigerator at 4 °C, the peak
current was still retained at 90.6% value of the initial response
after a storage period of two weeks, showing a quite satisfying
stability. Specific recognition of the {Con A–MWNT–HRP} bio-
conjugates to the biosensing surface-confined mannose was also
investigated (Supplementary). The results indicated that the {Con
A–MWNT–HRP} bioconjugates exhibited highly specific recogni-
tion to the thiomannosyl-functionalized biosensor.
tained with QGY-7703 cell concentrations of 1.0�102, 1.0�103, 1.0�104, 1.0�105,
cell concentration using (a) the {Con A–MWNT–HRP} and (b) {Con A–HRP} for
trodes.
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3.6. Evaluation of mannose expression on cancer cells

In living systems, the glycan expression conveys information
about the physiological state of various cancers, which holds great
relevance for cancer diagnosis and treatment. Therefore, the sen-
sitive and facile biosensor was applied to the analysis of mannose
expression on different cancer cells. To this purpose, mannose
sample was first detected by employing the thiomannosyl-func-
tionalized biosensor. As shown in Fig. S4A (Supplementary), the
DPV peak current (ip) is proportional to mannose concentration
(cmannose) in the ranges of 0.05–1.05 μM (R2¼0.992), which served
as the standard curve. The linear regression equation was

i cA 4. 98 0. 68 M 1p mannose( )μ = − (μ ) ( )

Then, the proposed biosensor was applied to detect QGY-7703
cells at different concentrations. Fig. S4B (Supplementary) displays
the linear relationship between the peak current (ip') and QGY-
7703 cell concentration (cQGY-7703) ranging from 2.0�104 to
4.5�104 cells mL�1 (R2¼0.991). The linear regression equation
was

i cA 5. 06 1. 73 10 2p QGY
5

7703( )‵ μ = − × ( )−
−

Meanwhile, the obtained ip' for QGY-7703 cell detection could
be converted into the number of mannose according to Eq. (1),
which represented mannose expression on QGY-7703 cells. Con-
sequently, with the use of (Eqs. (1) and 2), the amount of mannose
on each QGY-7703 cell surface (nmannose) could be calculated ac-
cording to the following equation:

n
i

c

4. 98 10 6. 02 10

0. 68 10
mannose

p

cell

6 23

3
=

( − )× × ×

×

−

where ccell was cell concentration in cells mL�1. Four parallel
measurements gave the average amount of mannose on single cell
surface to be 1.3�1010 molecules for QGY-7703. Using the same
method, the number of mannose on each cell surface was also
determined to be 5.8�1010 molecules for A549 and 1.9�1010

molecules for LNCaP, respectively. The mannose expression status
on living cell surface detected by the biosensor was in good
agreement with the results from Fluorescent Microscopy studies
(Supplementary).
4. Conclusions

This work developed a thiomannosyl-functionalized biosensor
for signal amplification toward highly sensitive electrochemical
detection of mannose expression on cancer cells. Thiomannosyl
dimer was synthesized to design the biosensor by direct and rapid
one-step protocols. The greatly enhanced sensitivity relies upon a
signal-amplification scheme: (1) GCE/MWNT/AuNP was used as
the substrate for thiomannosyl dimer assembling, which could
increase electrical conductivity and provide large surface area, and
(2) MWNTs as the enzyme-loading carriers can load many enzyme
molecules on each MWNT. The labeling protocol allows multiple
signals per binding event provided by the use of {Con A–MWNT–
HRP} bioconjugates in place of conventional {Con A–HRP}. The
thiomannosyl-functionalized electrochemical biosensor offers a
useful tool for competitive assay of cell surface mannose with high
sensitivity, accuracy and rapid response. The proposed strategy can
be extended to other glycans and lectin recognition events, and
thus provides a promising potential in the analysis of cell surface
glycan expression and evaluation of glycan functions during the
various steps of tumorigenesis.
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