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ABSTRACT: We demonstrate a multivalent recognition and
highly selective aptamer signal amplification strategy for electro-
chemical cytosensing and dynamic cell surface N-glycan
expression evaluation by the combination of concanavalin A
(Con A), a mannose binding protein, as a model, conjugated
poly(amidoamine) dendrimer on a chemically reduced graphene
oxide (rGO−DEN) interface, and aptamer- and horseradish
peroxidase-modified gold nanoparticles (HRP−aptamer−AuNPs)
as nanoprobes. In this strategy, the rGO−DEN can not only
enhance the electron transfer ability but also provide a
multivalent recognition interface for the conjugation of Con A
that avoids the weak carbohydrate−protein interaction and dramatically improves the cell capture efficiency and the sensitivity of
the biosensor for cell surface glycan. The high-affinity aptamer- and HRP-modified gold nanoparticles provide an ultrasensitive
electrochemical probe with excellent specificity. As proof-of-concept, the detection of CCRF-CEM cell (human acute
lymphoblastic leukemia) and its surface N-glycan was developed. It has demonstrated that the as-designed biosensor can be used
for highly sensitive and selective cell detection and dynamic evaluation of cell surface N-glycan expression. A detection limit as
low as 10 cells mL−1 was obtained with excellent selectivity. Moreover, this strategy was also successfully applied for N-glycan
expression inhibitor screening. These results imply that this biosensor has potential in clinical diagnostic and drug screening
applications and endows a feasibility tool for insight into the N-glycan function in biological processes and related diseases.

Cells are covered by a large number of glycans which are
covalently attached to underlying proteins or lipids with

high density and complex diversity.1 The carbohydrate on the
surface of a eukaryotic cell is in a complex milieu and plays vital
roles in a broad range of crucial biological and physiological
processes, including growth, development, differentiation, cell
adhesion, cell−cell communication, signaling, immune re-
sponse, disease, and progression of cancer.2−7 Its expression
is the subject of dynamic processes in which the cell surface
characteristics undergo changes depending on the cellular
condition and status. Glycan epitopes are used as useful surface
markers to detect and recognize specific types of cells, such as
tumor cells and stem cells, and reflect the pathophysiological
steps of tumor progression.8 For example, the binding of
terminal high-mannose and mannose receptors on the cell
surface is involved in the process of cellular fusion in osteoclast
formation, and the aberrant expression of mannose is generally
observed during the processes of tumorigenesis, brain aging,
and differentiation.9−11 As a result, dynamic analysis of cell

surface glycans is primarily important to understand their roles
in biological processes and clinical diagnostics.
A series of approaches, including high-performance liquid

chromatography (HPLC),12 mass spectrometry (MS),13−15

nuclear magnetic resonance (NMR),16 and capillary electro-
phoresis (CE),17 have been developed for glycan analysis.
Although these methods are powerful for detailed structure
resolution, they are not suitable to the in situ glycan analysis of
living cells due to their destructive procedures involving
chemical labels or chemical and/or enzymatic release of the
carbohydrates and are time-consuming with complicated
sample preparation and sophisticated instrumentation. Re-
cently, electrochemical carbohydrate biosensors based on the
interaction of carbohydrates and lectins, a group of
carbohydrate-specific binding proteins, have been developed
in complementing the limitation of traditional methods for cell
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surface carbohydrate analysis due to their acceptable sensitivity,
operational simplicity, flexibility, and low cost.18−24 Various
lectin-immobilized nanostrucuture electrode interfaces such as
gold nanoparticles,25 carbon nanotubes,26,27 and conductive
polymers28 have been built for the highly sensitive detection of
cells. In addition, multiple functional nanoprobes integrating
specific carbohydrate recognition and enzymic catalysis were
also developed for dynamic electrochemical monitoring of cell
surface carbohydrates by coupling the nanostructure bio-
interfaces.3,9 However, the issues of active site accessibility
and low affinity of the lectin and carbohydrate limit the
sensitivity and stability of the biosensors.
Multivalent recognition is a general binding phenomenon in

nature, especially for carbohydrate−protein interactions.
Compared with the monovalent interaction, the multivalent
system is proven to be an effective way to enhance the affinity
by a factor as large as 104−105. Attempting to realize the
maximized multivalency effects for proteins or cells has been
rationally designed on the basis of numerous scaffolds such as
dendrimers,29 cyclodextrin,30 and conducting polymers.31 For
example, poly(amidoamine) (PAMAM) dendrimers have been
reported to be an excellent mediator for a facilitated
multivalency effect owing to their capability to preorganize/
orient ligands and the easy deformability of the polymer
chains.29,32 Dramatically increased cell capture efficiency was
obtained on an antibody-conjugated dendrimer multivalent
interface.32 Recently, the multivalency effects were also
observed by using nanoparticles as scaffolds such as gold
nanoparticles and quantum dots for carbohydrates, antibodies,
peptides, and DNA.29,33−36 The large accommodation of the
nanoparticle surface allows more active molecules to be loaded
that enhance the recognition ratio. The “cluster effect” of the
large scale of molecules can also improve the binding affinity.
Moreover, the excellent photonic, electrochemical, and
mechanical properties of nanoparticles allow them to be
excellent transducers with extensive analytical techniques.
Graphene, a two-dimensional carbon crystal with only one
atom thickness, has drawn much attention because of its
excellent electrical conductivity, high surface-to-volume ratio,

remarkable chemical stability, easy functionalization, and
excellent biocompatibility. The unique electric and photo-
electrochemical characteristics of graphene have been broadly
studied and applied in quantum electrical devices, electro-
mechanical resonators, and electrochemical sensors.24,37,38

Here, a PAMAM-conjugated graphene (rGO−DEN) compo-
site electrode interface was developed by coupling the unique
properties of graphene and PAMAM dendrimer, which can not
only improve the electrode interface electron transfer but also
enhance the multivalent recognition efficiency, and holds great
promise in fabrication of biomimic devices and biosensors with
high sensitivity.
Aptamers are artificially selected nucleic acid sequences with

high affinity and specificity toward a wide range of small
molecules, proteins, and cells.39,40 In comparison to antibodies,
aptamers possess a small size, a tunable structure, high
resistance against denaturation, and programmable sequences
which make them powerful affinity recognition ligands in
clinical diagnostics. Recently, functional aptamers have been
selected for targeting numerous cancers, and aptamer-
conjugated nanomaterials have been extensively used for
enhanced molecular recognition.41−43 Due to the high affinity,
excellent steric effect, and biocompatibility, aptamer nanoma-
terial conjugation is a brilliant prospect for the design of
biosensor devices in drug delivery and clinical diagnostics.
In this work, a multivalent recognition and highly selective

aptamer strategy for electrochemical cytosensing and dynamic
cell surface N-glycan expression evaluation was designed by the
combination of Concanavalin A (Con A), a mannose binding
protein, as a model, conjugated PAMAM dendrimer on a
chemically reduced graphene oxide (rGO−DEN) interface, and
aptamer- and horseradish peroxidase-modified gold nano-
particles (HRP−aptamer−AuNPs) as nanoprobes (Scheme
1). To demonstrate the principle, a specific aptamer for CCRF-
CEM cell (human acute lymphoblastic leukemia) capture was
designed as a model. The abnormal glycan expression on the
CCRF-CEM cell may be associated with fatal immune
deficiency-associated diseases.44 The dynamic and sensitive
surface glycan monitoring of the CCRF-CEM cell provides a

Scheme 1. (A) Schematic Illustration of the Electrochemical Aptamer Biosensor for Dynamic Evaluation of Cell Surface N-
Glycan Expression Based on Multivalent Recognition and Dual Signal Amplification, (B) Fabrication of PAMAM Dendrimer-
Conjugated Chemically Reduced Graphene Oxide (rGO−DEN), and (C) Fabrication Procedures of HRP- and Aptamer-
Modified Au NP Nanoprobes (HRP−Aptamer−AuNPs)
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powerful tool for human immunodeficiency virus infection,
drug screening, and the understanding of mechanisms of viral
transmission at the molecular level.45 In our strategy, rGO−
DEN can not only enhance the electron transfer ability but also
provide a multivalent recognition interface for the conjugation
of Con A that avoids the weak carbohydrate−protein
interaction and dramatically improves the cell capture efficiency
and the sensitivity of the biosensor for cell surface glycan.
Besides, the utilization of aptamer- and HRP-modified gold
nanoparticles could increase the affinity between nanoprobes
and cells and improve the selectivity of the biosensor. The
experimental observations indicate that this strategy can not
only recognize the cells with high specificity but also detect the
cell and its surface glycan with high sensitivity. Moreover, this
biosensor can be applied for dynamic monitoring of the
expression of cell surface N-glycans, a particularly important
class of carbohydrates accounting for about 90% of protein
glycosylation that share a pentasaccharide core structure
consisting of Manα1−6(Manα1−3)Manβ1−4GlcNAcβ1−
4GlcNAc.5,46,47 In addition, the strategy was investigated by
the external stimuli of the N-glycan inhibitor tunicamycin
(TM) or those released by peptide-N-glycosidase F (PNGase
F). As expected, this biosensor is sensitive to N-glycan
inhibitors and can be applied for N-glycan inhibitor screening.
Therefore, the biosensor based on the multivalent interface and
aptamer nanoprobes provides a valuable tool for the evaluation
of cell surface N-glycan expression and opens new insight into
the physiological functions of glycans in cellular processes as
well as clinical diagnostics and drug screening.

■ EXPERIMENTAL SECTION
Reagents and Materials. Con A, fluorescein isothiocya-

nate-conjugated Con A (FITC−Con A), TM, and glutaralde-
hyde (GA) were purchased from Sigma-Aldrich. BG was
obtained from Toronto Research Chemical Inc. (Canada).
PNGase F was obtained from New England Biolabs Inc.
(Ipswich, MA). Bovine serum albumin (BSA) and HRP (300 U
mg−1) were from Dingguo Biological Products Co. (Beijing,
China). HAuCl4·3H2O (48%, w/w) was obtained from
Shanghai Reagent (Shanghai, China). Graphite powder
(99.99995%, 325 mesh) and tris(2-carboxyethyl)phosphine
hydrochloride (TCEP) were purchased from Alfa Aesar.
PAMAM (G3.0) dendrimer was purchased from Chenyuan
Organosilicon New Material Co. (Weihai, China). The aptamer
sequence was obtained from Shanghai Sangon Biological
Engineering Technology & Services Co., Ltd. The sequence
of the aptamer probe was as follows: 5′-SH-C6H12-TTT TTT
TTT ATC TAA CTG CTG CGC CGC CGG GAA AAT ACT
GTA CGG TTAGA-3′. Phosphate buffer solutions (PBS) were
prepared with Na2HPO4·12H2O and NaH2PO4·2H2O. The
PBS (pH 7.4, 10 mM) containing 137 mM NaCl and 2.7 mM
KCl was used as a washing solution, and the PBS (pH 7.0, 100
mM) containing 137 mM NaCl and 2.7 mM KCl was used as
the electrolyte for detection. Other regents of analytical grade
were obtained from Beijing Chemical Co. (China) and were
used as received.
Synthesis of GO−DEN and rGO−DEN Conjugates. The

graphene oxide (GO) was synthesized according to our
previous works.38 PAMAM-conjugated GO (GO−DEM) was
prepared by the reaction of carboxyl groups on GO and amino
groups on PAMAM to form a stable covalent interaction.
Briefly, 2 mL of PAMAM dendrimer solution (50 μM) was
added to 2 mL of GO solution (ca. 0.5 mg/mL) containing

KOH (20 mM). The mixture was stirred at 40 °C for 12 h. A
160 μL volume of 0.5 M H2SO4 solution was then added, and
the mixture was further stirred for 30 min. The resulting GO−
DEN conjugates were collected, purified by centrifugation, and
washed with deionized (DI) water several times. The GO−
DEN was then chemically reduced by mixing 1 mL of the GO−
DEN (ca. 0.3 mg/mL), 15 μL of hydrazine (35 wt % in DI
water), and 11.8 μL of ammonia (25 wt % in DI water).
Reduction occurred at 80 °C for 90 min to obtain the rGO−
DEN conjugates.

Preparation of HRP−Aptamer−AuNP Nanoprobes.
AuNPs were prepared by using citrate sodium as the reducing
reagent. In brief, 100 mL of 0.01% (w/v) HAuCl4 solution was
boiled with vigorous stirring, and 2.5 mL of 1% (w/v)
trisodium citrate solution was quickly added to the boiling
solution. When the solution turned deep red, indicating the
formation of AuNPs, the solution was left to stir and cool. The
colloids were stored at 4 °C for further use.
Before conjugation, the thiolated aptamer (0.05 mM) was

activated by 0.l mM TCEP in 50 mM Tris−HCl (pH 7.4)
buffer for 1 h at room temperature, and 1 mL of 2-fold-
concentrated AuNP colloidal solution was adjusted to pH 9.0
with 0.1 M K2CO3. Then 50 μL of HRP (1 mg/mL) was
added, and the resulting solution was gently stirred at room
temperature for 3 h. Subsequently, 14 μL of aptamer was
added, and the solution was kept for another 24 h at 4 °C. After
incubation, 100 μL of 1 M NaCl was added to the solution to
“age” the aptamer, and the resulting solution was kept for
another 24 h at 4 °C, followed by centrifugation for 15 min at
12 000 rpm. After the supernatant was discarded, the red pellets
were washed twice with 10 mM PBS buffer (pH 7.4, containing
100 mM NaCl), and the resulting HRP−aptamer−AuNP
conjugates were finally resuspended in PBS buffer and stored at
4 °C until use.

Cell Culture and Cell Treatment. CCRF-CEM cells were
obtained from ATCC (American Type Culture Collection) and
were cultured in RPMI 1640 medium (Dingguo Biological
Products Co., Beijing, China) containing 10% fetal bovine
serum (Dingguo), 100 U mL−1 penicillin, and 100 U mL−1

streptomycin at 37 °C in a humidified atmosphere of 5% CO2.
The cells at logarithmic growth were collected and separated
from the medium by centrifugation at 800 rpm for 5 min and
then washed with sterile Dulbecco’s phosphate-buffered saline
(DPBS, pH 7.4) twice. The sediment was resuspended in the
DPBS to obtain a homogeneous cell suspension. The cell
number was determined using a blood counting chamber. In
the drug treatment assay, TM- and BG-treated CCRF-CEM
cells were obtained by incubating 2 × 105 cells mL−1 in a
culture medium containing 10 μg mL−1 (approximately 12 μM)
TM and 550 μM BG for 48 h, respectively. PNGase F-treated
CCRF-CEM cells were obtained by adding 3000 NEB units of
PNGase F to the cell suspension with a concentration of 5 ×
105 cells mL−1 for 24 h.

Biosensor Fabrication. The glassy carbon electrode
(GCE; diameter of 3 mm) was pretreated by successively
polishing with 0.3 and 0.05 μm α-Al2O3 powder followed by
sonication in ethanol and distilled water, respectively. After
being dried with a nitrogen flow, 6 μL of 1 mg mL−1 rGO−
DEN solution was dropped onto the GCE, which was then
dried overnight to obtain an rGO−DEN-modified electrode
(rGO−DEN/GCE). Subsequently, the electrode was immersed
in 100 μL of 2.5% GA solution for 1 h to activate amine groups
on the film surface. Then 6 μL of 1 mg mL−1 Con A solution
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was dropped onto the film, which was then incubated for 1 h.
Subsequently, the washed electrode was immersed in 1% BSA
(w/v) solution for 1 h to block the nonspecific binding sites.
Following a rinse with buffer, the Con A- and BSA-modified
electrode (Con A/rGO−DEN/GCE) was soaked in 200 μL of
CCRF-CEM cell suspension at a certain concentration
containing 1 mM Ca2+ and Mn2+ and was incubated at 37 °C
for 1 h to capture the cells via the specific binding between Con
A and cell surface mannose and trimannoside. After being
rinsed with PBS, the cell/Con A/rGO−DEN/GCE was
obtained and used for subsequent differential pulse voltamme-
try (DPV) measurements.
Cell Surface N-Glycan Measurements. The cell/Con A/

rGO−DEN/GCE was incubated with 30 μL of the HRP−
aptamer−AuNP nanoprobe for 1 h at 37 °C. After being rinsed
using PBS, the prepared HRP−aptamer−AuNP/cell/Con A/
rGO−DEN/GCE was immersed in 2 mL of PBS (pH 7.0, 100
mM) solution with 3 mM hydroquinone (HQ) and 1.5 mM
H2O2 and reacted for 6 min. The DPV measurements were
performed from −0.3 to +0.2 V using a Ag/AgCl electrode with
saturated KCl solution and platinum wire as the reference
electrode and counter electrode, respectively.
Confocal Microscopy Imaging. CCRF-CEM cell (1 × 105

cells mL−1) suspension was mixed with 10 μL of 1 mg mL−1

FITC−Con A containing 1 mM Ca2+ and 1 mM Mn2+, and the
resulting solution was incubated at room temperature for 30
min. The cells were collected by centrifugation at 1000 rpm for
5 min, following by washing twice with DPBS. Then the cell
segments were resuspended in DPBS and assayed by confocal
microscopy.
Apparatus and Characterization. Transmission electron

microscopy (TEM) images were collected from a Hitachi H-
7650B (Japan) at an accelerating voltage of 100 kV. The UV−
vis spectra were obtained by a Hitachi U-3900 UV−vis
spectrophotometer (Japan). Fourier transform infrared (FT-
IR) spectra were recorded on a PerkinElmer Spectrum GX
spectrometer (PerkinElmer Co., Waltham, MA). The X-ray
diffraction (XRD) patterns were obtained using a D8 Advance
(Bruker) X-ray diffractometer with Cu Kα radiation (λ =
1.5418 Å). An RM 2000 microscopic confocal Raman
spectrometer (Renishaw PLC, England) with a 633 nm He−
Ne laser beam was used for Raman spectrum collection.
Confocal microscopy images were obtained on a Leica TCS
SP5 microscope (Germany) with excitation at 488 nm.
Cyclic voltammetry (CV) and DPV were conducted on a

CHI 440b instrument (CH Instruments, Inc., Austin, TX).
Electrochemical impedance spectroscopy (EIS) was performed
on a PARSTAT 2273 potentiostat/galvanostat (Advanced
Measurement Technology Inc., Berwyn, PA) by applying an
ac voltage of 5 mV amplitude with frequency from 0.01 to 105

Hz in 0.5 M KCl solution with 5 mM K3[Fe(CN)6]/
K4[Fe(CN)6] as the redox probe.

■ RESULTS AND DISCUSSION
Multivalent Recognition and Highly Selective Ap-

tamer Signal Amplification Strategy. Scheme 1 presents
the electrochemical aptamer biosensor for cytosensing and
evaluating cell surface N-glycan expression based on multivalent
recognition and dual signal amplification. The PAMAM
dendrimer-conjugated rGO was first prepared and coated
onto the surface of the GCE, which can not only promote the
interface electron transfer rate but also supply a number of
surface functional groups to accommodate multiple capture

probes of Con A, thus enabling multivalent binding. The
dendrimer-mediated multivalent binding between Con A and
mannose or trimannoside, the core oligosaccharide of N-glycan
on the cell surface, could improve the cell capture efficiency and
thus enhance the sensitivity of the biosensor. After cells were
captured, the electrode was incubated with the previously
prepared electrochemical nanoprobe of HRP−aptamer−AuNPs
to form a sandwich-type system based on the specific
recognition between the aptamer and cell with high affinity,
achieving higher selectivity and sensitivity of recognizing the
cell as well as the surface glycan. Meanwhile, HRP−aptamer−
AuNPs exploit the amplification effect of AuNPs for loading a
large number of aptamers and HRP and enhancing the
electrochemical catalysis signal of hydroquinone.48 As a result,
the sensitivity of the biosensor is greatly enhanced for
cytosensing and cell surface N-glycan expression profiling.

Dendrimer-Conjugated rGO and HRP−Aptamer−
AuNP Nanoprobe. The rGO−DEN was prepared by the
covalent reaction between the amino groups in PAMAM
dendrimer and the carboxyl groups in GO, followed by
chemical reduction with hydrazine. The formation of rGO by
the chemical reduction was confirmed by Raman spectra
(Figure S1, Supporting Information). Figure 1A shows the FT-
IR spectra of the chemically reduced graphene oxide (curve a),
PAMAM dendrimer (curve b), and PAMAM-conjugated rGO
(curve c). The IR spectrum of rGO shows a peak at 1626 cm−1

from the CC stretching vibration of the aromatic ring in
graphene (curve a). The peaks at 1553 and 1641 cm−1 in curve
b correspond to the N−H bending vibration of amide II and
CO stretching vibration of amide I in PAMAM,
respectively.49 Curve c in Figure 1A presents the FT-IR
spectrum of the as-prepared dendrimer-conjugated rGO. After
PAMAM coupling, the peaks in curve c ascribed to the N−H
bending vibration of amide II and CO stretching vibration of
amide I can also be observed except that they shift to 1559 and
1634 cm−1, respectively. This fact confirms that PAMAM
dendrimers are conjugated onto the rGO. Additionally, the
successful conjugation was also confirmed by TEM as shown in
Figure 1B. Like the graphenes reported, the PAMAM-
conjugated rGO was nearly transparent flakelike and rippled
and resembled crumpled silk veil waves, indicating that the
covalent reaction does not change the structure of rGO.
Figure 1C presents the UV−vis spectra and TEM pattern

(inset) of the gold nanoparticles (curve a) and HRP- and
aptamer-modified gold nanoparticles (curve b). A strong
adsorption at 520 nm was observed for the bare gold
nanoparticles. After the conjugation of HRP and aptamer, the
characteristic absorption peak of gold nanoparticles red shifted
from 520 to 525 nm due to the decoration of biomolecules on
the Au nanoparticles. Statistical analysis of the TEM data
(inset) revealed that the average diameter of the gold
nanoparticles was about 20 nm. These results demonstrate
the accomplishment of the HRP−aptamer−AuNP nanoprobes.

Electrochemical Characterizations of the Biosensor.
CV and EIS were used to verify the assembly processes of the
modified electrodes step by step. Figure 2A displays the CV
curves of the modified GCE using Fe(CN)6

4−/3− as an
electroactive probe. A couple of reversible redox peaks for
the bare GCE were observed in curve a. After the modification
of dendrimer-conjugated rGO, the peak currents of the
electrode increased (curve b). The increasing response is
attributed to the large surface and the excellent electrical
conductivity of dendrimer-conjugated rGO. When Con A was
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immobilized onto the above electrode, the peak current
decreased obviously and the peak gap of the redox potential
became wider (curve c) owing to the electronically inert
character of Con A. The peak currents in CV were further
decreased, and the gap between the anodic and cathodic peaks
became wider after subsequent capture of cells by the specific
binding between Con A and cell surface mannose (curve d).
This phenomenon results from the electronically inert feature
of Con A and cell that block the electron transfer and mass
transfer of Fe(CN)6

4−/3− ions at the modified GCE surface.
Finally, the biosensor was incubated with the nanoprobe of
HRP−aptamer−AuNPs. Although the gold nanoparticles
generally show excellent conductivity and catalytic ability, the
nanoprobe of HRP- and aptamer-loaded gold nanoparticles
further blocks the electron transfer on the electrode interface,
and a slight decrease in the peak currents was also observed
(curve e).
The impedance spectra are shown in Figure 2B. The Nyquist

plot comprises a semicircular part at higher frequency range

and a straight linear part at lower frequency range. The
diameter of the semicircle equals the electron transfer resistance
(Ret) at the electrode interface. Due to the good electronic
transfer ability, the dendrimer-conjugated rGO-modified GCE
(curve b) exhibited lower Ret than bare GCE (curve a). After
that the diameter of the semicircles increased successively with
sequential assembly of Con A (curve c), cells (curve d), and
HRP−aptamer−AuNP nanoprobes (curve e), showing the
step-by-step increase of Ret. These results are consistent with
those of CV, confirming the successful assembly of the
biosensor.

Differential Pulse Voltammetry Behaviors of the
Biosensor. The electrochemical behaviors of the biosensor
were studied in 0.1 M PBS (pH 7.4) containing 1.5 mM H2O2
and 3 mM HQ. Figure 3A shows the DPV curves of the
biosensors. A weak DPV peak current at ca. −0.05 V was
observed (curve a) when the Con A/rGO−DEN/GCE was
merely immersed in the electrolyte. The peak current increased
after incubation of the Con A/rGO−DEN/GCE in the solution
containing HRP−aptamer−AuNP nanoprobes (curve b). It is
known that HRP is a mannose-containing glycoprotein with
enzymatic activity. As a result, a small amount of HRP−
aptamer−AuNP nanoprobes can be absorbed on the Con A-
modified electrode based on the affinity interaction between
Con A and the mannose groups in the nanoprobes. When the
Con A/rGO−DEN/GCE was immersed in the solution with
CCRF-CEM cells and subsequently in the solution of HRP−
aptamer−AuNP nanoprobes, the DPV peak current increased

Figure 1. (A) FT-IR spectra of the chemically reduced graphene oxide
(curve a), PAMAM dendrimer (curve b), and PAMAM-conjugated
rGO (curve c). (B) TEM pattern of the PAMAM-conjugated rGO.
(C) UV−vis spectra of the bare gold nanoparticles (a) and HRP- and
aptamer-modified gold nanoparticles (b). The inset exhibits the TEM
picture of the HRP−aptamer−AuNP nanoprobes.

Figure 2. Cyclic voltammograms (A) and electrochemical impedance
spectra (B) of (a) bare GCE, (b) rGO−DEN/GCE, (c) Con A/rGO−
DEN/GCE, (d) BSA/ConA/rGO−DEN/GCE, (e) CCRF-CEM cell/
BSA/ConA/rGO−DEN/GCE, and (f) HRP−aptamer−AuNPs/
CCRF-CEM cell/BSA/ConA/rGO−DEN/GCE in 0.5 M KCl
solution with 5 mM [Fe(CN)6]

4−/3− (scan rate 100 mV/s, impedance
spectral frequency 0.1−105 Hz, amplitude 10 mV). Inset: equivalent
circuit of faradic electrochemical impedance (Res = electrolyte
resistance, Cd = double layer capacitance, Ret = electron transfer
resistance, and Zw = Warburg impedance).
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sharply (curve c), which was ascribed to not only the high
affinity between mannose groups on the CCRF-CEM cell
surface and Con A but also the highly specific interaction
between the aptamer and CCRF-CEM cells. To verify the
signal amplification effect of the nanoprobes, the DPV
experiments were also conducted by immersing the CCRF-
CEM cell/Con A/rGO−DEN/GCE in PBS with 3 mM HQ
only. A very small peak current was presented (Figure S2,
Supporting Information). It demonstrates that the DPV current
originated from the electrocatalytic effect of HRP. Moreover,

more HRP molecules loaded onto gold nanoparticles can
further amplify the current signal; thus, the as-prepared
biosensor is sensitive and feasible.

Optimization of the Experimental Conditions. The
incubation time for nanoprobe adsorption is an important
parameter for target cell capture and the specific recognition of
the aptamer and cells. The dependence of the incubation time
for HRP−aptamer−AuNP nanoprobes on the current response
of the biosensor was studied and optimized as shown in Figure
S3A (Supporting Information). When the CCRF-CEM cell-
modified electrode was dipped into the solution with
nanoprobes, the current signal increased with an incubation
time of 1 h and reached a steady value even if a longer time was
applied. Therefore, the optimal conditions of the biosensor
were 60 min for cell capture and 60 min for nanoprobe
incubation.
The current responses of the biosensor are significantly

influenced by the pH and the concentration of HQ, which is
the substrate of the enzymic catalytic reaction. Figure S3B
(Supporting Information) shows the current signal as depend-
ent on the pH of the electrolyte. It was observed that the
current increased when the pH increased from 6.5 to 7.0 and
then decreased when the pH was further increased to 8.5. As a
result, a pH of 7.0 was selected for the amperometric detection.
The current response to the concentration of HQ was also
investigated as shown in Figure S3C. The current signal showed
an intense increase when the concentration of HQ increased to
3 mM, and after that it exhibited a slow increase and reached a
plateau. To minimize the damage of the cells on the electrode,
an HQ concentration of 3 mM was used in the following
experiments.

Cytosensing and Sensitivity of the Biosensor. On the
basis of the optimal conditions, the determination of CCRF-
CEM cells was applied using the multivalent recognition
electrochemical biosensor. Figure 3B displays the DPV curves
of the biosensor in the presence of CCRF-CEM cells with
different concentrations. The peak current increased with
increased concentration of the cells and was proportional to the
logarithmic value of the cell concentration ranging from 1.0 ×
102 to 5.0 × 104 cells mL−1. The linear regression equation is I
= 8.33 log[Ccell (cells mL−1)] − 4.68 with a correlation
coefficient of R = 0.996 (n = 3), where I is the peak current
intensity and Ccell is the CCRF-CEM cell concentration. The
detection limit for cell concentration was calculated to be 10
cells mL−1 at 3σ. It is obvious that the sensitivity of the
multivalent recognition and dual signal amplification strategy is
much higher than that of cancer cell cytosensors using Con A
as the capture or recognition element reported in the literature
(Table 1). The as-prepared biosensor displays excellent
performance compared to some earlier reported methods,
especially in the detection limit. The electrochemical
cytosensor is based on the covalent attachment of PAMAM
to the rGO adsorbed at the surface of the GC electrode. Higher
numbers of functional groups on the rGO-modified electrode
mediated by PAMAM afford a multivalent binding effect that
significantly enhances the cancer cell capture efficiency and the
surface binding strength of the tumor cells. Moreover, unlike
those carbohydrate biosensors merely based on the lectin−
carbohydrate interaction, the high affinity between the aptamer
and cells also improves both the binding efficiency and the
selectivity between the nanoprobes and thus enhances both the
sensitivity and the selectivity of the biosensor. The biosensor
was incubated with different cell lines such as CCRF-CEM

Figure 3. (A) Differential pulse voltammetry curves of the Con A/
rGO−DEN/GCE (a), the electrode after incubation in HRP−
aptamer−AuNP solution (b), and the electrode after incubation with
CCRF-CEM cells and subsequently in HRP−aptamer−AuNP solution
(c) in an electrolyte of 0.1 M PBS containing 1.5 mM H2O2 and 3 mM
HQ. (B) DPV curves of the PAMAM-conjugated rGO-modified
electrode in the solutions with CCRF-CEM cells at different
concentrations of 1.0 × 102, 5.0 × 102, 1.0 × 103, 5.0 × 103, 1.0 ×
104, and 5.0 × 104cells mL−1. The electrolyte is 0.1 M PBS (pH 7.0)
containing 3 mM HQ and 1.5 mM H2O2. The inset is a plot of the
peak current intensity vs the logarithm value of the CCRF-CEM cell
concentration. The error bars were obtained from three parallel
experiments. (C) Peak current response of the electrochemical
biosensor from the solution with different cell lines at a concentration
of 5.0 × 104 cells mL−1.
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(human acute lymphoblastic leukemia), Ramos (human
Burkitt’s lymphoma cell line), K562 (human immortalized
myelogenous leukemia), NK (T cell, cytotoxic lymphocyte),
A549 (human alveolar basal epithelial cells), and BEAS-2B
(human bronchial epithelial cell), and the peak current
response is shown in Figure 3C. A minimal current change
was observed except that for CCRF-CEM cells even though the
Ramos and K562 cells also belong to the leukemia cell line,
showing the excellent selectivity of this biosensor and that it is
promising in cancer cell detection and studies of the
histopathological lesion process.
The reproducibility of the electrochemical aptamer biosensor

was investigated by measuring the current signals with the cell
concentration three times. The biosensor showed a relative
standard deviation of 2.5% examined for three determinations
at cell concentrations of 1 × 103 cells mL−1, indicating good
reproducibility of the biosensor. Thus, the as-proposed
biosensor exhibits good performance in detecting cancer cell
with a broad detection range, a low detection limit, and
reproducibility and is promising for cancer cell detection and
carbohydrate expression evaluation of living cells.
Evaluating Cell Surface N-Glycan Expression. The high

sensitivity and facility of the proposed biosensor allows it to be
further employed for evaluating the dynamic alteration of cell
surface carbohydrate expression under external stimuli. TM and
BG are the primarily inhibitors of cell surface N-glycan and O-
glycan expression, respectively. The expression of cell surface
carbohydrate was evaluated on the basis of Con A and
dynamically under the treatment of tunicamycin (TM) and
benzyl 2-acetamido-2-deoxy-α-D-galactopyranoside (BG) for a
continuous 48 h (Figure 4A). Collating the TM-treated cells
with untreated cells, a progressively decreasing current intensity
can be observed. The current signal change was 39.6% after 48
h of treatment. The decreased current response of cell surface
N-glycan expression was caused by TM, which could block the
first step in the biosynthesis of N-glycosylation in cells for
inhibiting N-glycans.5,37 Confocal scanning microscopy was
also applied to validate the N-glycan expression changes by
treating CCRF-CEM cells in the stain with FITC-conjugated
Con A (Figure S4, Supporting Information). After the
treatment with TM for 48 h, the cells exhibited weaker
fluorescence intensity than those without treatment, and the
change in fluorescence intensity was calculated to be 35.2%,
which confirms the observed change. It is noted that the
electrochemical strategy offers a more direct and sensitive
profile of glycans than confocal scanning microscopy, which
could be attributed to the multivalent recognition effect on the
electrode interface and the high affinity of the aptamer and cells
as well as the dual signal amplification.
In addition, the treatment with BG, an O-glycan expression

inhibitor but not an N-glycan inhibitor, was also studied. Nearly

no change was observed even though the concentration of BG
(156 μg mL−1) was much higher than that of TM (10 μg mL−1,
approximate 12 μM). The reason is that BG blocks the
elaboration of the first-core GalNAc residues on O-linked
glycoproteins for suppressing O-glycosylation but does not
disturb N-glycosylation.50,51 The electrochemical responses
toward the different inhibition features between TM and BG
validate the feasibility and reliability that a majority of the N-
glycans on the cell surface could be recognized and evaluated
by the as-designed carbohydrate biosensor.
Enzymatic cleavage and release of N-glycans from asparagine

was performed by PNGase F, an amidase that cleaves between
the innermost GlcNAc and asparagine residues of N-linked

Table 1. Comparison of Different Lectin-Based Electrochemical Biosensors for Cell Determination

detection method cell line linear range (cells mL−1) detection limit (cells mL−1) ref

cyclic voltammetry HL-60 1.0 × 103 to 1.0 × 106 660 54
differential pulse voltammetry Hela 8.0 × 102 to 2.0 × 107 500 21
stripping voltammetry K562 1.0 × 102 to 1.0 × 107 100 55
stripping voltammetry CCRF-CEM 1.0 × 102 to 1.0 × 105 50 24
photoelectrochemistry SMMC-7721 5.0 × 103 to 1.0 × 107 5.0 × 103 56
electrochemiluminescence BGC 2 × 103 to 1 × 107 1.2 × 103 25
electrochemiluminescence K562 1.0 × 103 to 1.0 × 107 600 27
differential pulse voltammetry CCRF-CEM 1.0 × 102 to 5.0 × 104 10 this work

Figure 4. (A) N-Glycan expression of the CCRF-CEM cell surface
without or with treatment with PNGase F and after incubation with
TM (8 μg mL−1) and BG (156 μg mL−1). The electrolyte is 0.1 M
PBS (pH 7.0) containing 3 mM HQ and 1.5 mM H2O2. The cell
concentration is 5 × 104 cells mL−1. (B) N-Glycan expression of the
CCRF-CEM cell surface after incubation with different concentrations
of TM for 48 h. The CCRF-CEM cell concentration is 5.0 × 104 cells
mL−1. The error bars were obtained from three parallel experiments.
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proteins.5,52 The current intensity of PNGase F-treated cells
was sharply dropped to 58.5% compared with that of untreated
cells and was at the same level after enzymatic digestion with
the treatments with TM and BG. As a result, the proposed
electrochemical biosensor is able to be applied for cell surface
N-glycan evaluation. It is demonstrated that the constructed
biosensor provides a highly sensitive method for dynamically
evaluating cell surface N-glycan expression. In addition, the
inhibition of cell surface N-glycan expression in the presence of
small-molecule inhibitors was also investigated. In the
inhibition assay, the cell surface N-glycan expression was
evaluated using TM as a model at different concentrations, and
the half-maximal inhibition value (IC50) was calculated. Figure
4B presents the peak current intensity as a function of the
concentration of TM. It is clear that the peak current intensity
decreased with increasing concentrations of TM and gradually
reached a steady value after a concentration of ca. 4 μg mL−1

TM. Using these results, the IC50 was obtained on the basis of
the concentration of the half peak current intensity from the
steady current to the maximal peak current in the absence of
inhibitor and was calculated to be 2.2 μg mL−1, which was
similar to that reported with a conventional assay.53 Therefore,
the as-designed biosensing strategy also affords a valuable tool
that has potential in quantitatively screening small-molecule
inhibitors for cell surface N-glycan expression.

■ CONCLUSION

In conclusion, a novel electrochemical cytosensor based on the
multivalent recognition of Con A on the PAMAM-conjugated
rGO electrode interface and mannose, especially the core
trimannoside segment of N-glycan, was designed. By the
integration of the high affinity between the aptamer and the
cells as well as the signal amplification strategy, the as-designed
biosensor can be used for highly sensitive cell detection and
dynamic evaluation of cell surface N-glycan expression with a
detection limit of 10 cells mL−1. Moreover, the variations of N-
glycans on the cell surface by the treatment of small-molecule
inhibitors and enzymes were also sensed dynamically. The
proof-of-concept method also shows excellent performance in
the quantitative N-glycan inhibition assay, with verification with
TM as a model. This strategy provides a highly sensitive
method for dynamically analyzing changes of cell surface N-
glycan in response to inhibitors and environmental stimula-
tions. The novel strategy would contribute to the under-
standing of complex native glycan-related biological processes
as well as serve as an impetus for elucidating the physiological
processes of N-glycan-related diseases and clinical diagnostics.
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