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ABSTRACT: A microfluidic platform to evaluate the expression of multi-glycans on a cell
surface was developed using electrochemical impedance spectroscopy (EIS) and optical
microscope technique. In the microfluidic channel, four indium tin oxide (ITO) electrodes
were modified with three lectins and one passivation agent, respectively, to selectively
recognize the corresponding carbohydrate epitopes on the cell surface. The binding of the
cells on the electrode array was monitored by the electrochemical impedance to evaluate
the expression of cell surface glycans. The excellent optical transparency of ITO electrode
permitted the microscopic observation of the cell binding simultaneously to substantiate
the impedance measurement. Compared with the individual technology, the double-check
mode increased the sensitivity and accuracy of the assay. The experimental results using
these two techniques indicated that the cell binding ability decreased in the order WGA >
Con A > PNA, which was consistent with the expression difference of carbohydrate
epitopes on K562 cell surface. The proposed strategy was further used for facile evaluating
the variations of glycan expression on living cells in response to drugs. The consumption
of cell sample for each sensing interface in the whole experiments is merely 5 × 103 cells. This platform offers great promise for
cancer-associated glycol-biomarkers screening and further helps cancer diagnosis and treatment.

Glycans on the surface of mammalian cells play crucial roles
in many cellular processes including differentiation,

proliferation, immune response, cell−cell communication,
intercellular signaling, tumor growth, and metasis.1,2 The
alteration of glycan expression levels on the cell surface are
associated with many diseases, such as breast cancer3 and
prostate cancer.4 Thus, the cell surface glycan expression is a
good candidate marker to distinguish the different expression
profiles during a variety of cell biological processes.5−8 Effective
tools for the identification of cell surface glycan expression are
essential to understand their roles in disease development.
The current analytical methods used for glycan analysis

primarily included mass spectrometry,9 nuclear magnetic
resonance,10 and chromatography.11 However, these methods
usually required relatively expensive equipment and specialized
personnel, which are sample-consuming and labor intensive.
Furthermore, these approaches were not amenable to living cell
interrogation due to their destructive nature. Fluorescence-
based lectin arrays offered the nondestructive measurement on
glycan expression on cell surface, but the fluorescent labels
changed the behaviors of a living cell.12−14 Chen et al. reported
a label free optical microscopy method to characterize the
differences in carbohydrate expression patterns in normal and
tumorigenic human breast cell lines based on the lectin
recognition.15 The drawback of this microscopy based method
was poor sensitivity. Recently, an electrochemical impedance
spectroscopy (EIS) based assay has been developed to enable a

noninvasive analysis of glycan on cell surface with better
sensitivity.16−20 Since multiple glycan expressions affected the
cell signaling response, the continuous development of
reproducible EIS based array to high-throughput profile
multiple proteins on a cell surface is urgent. Also, the previous
binding pattern was invisible due to the opacity of the electrode
materials such as glassy carbon17 and Au.18 Thus, the
introduction of transparent electrochemical materials to permit
the electrochemical and visible analysis of protein expression is
necessary.
Microfluidic system has shown great potential toward cell

culture and cell-based assays.21−23 In particular, microfluidic
devices typically exhibit small footprints, low reagent
consumption, multiplexing abilities, and potential for integrated
and efficient downstream analysis.24−26 Recently, some micro-
fluidic electrochemical platforms have developed for the
biochemical analysis.27−31 Dykatra et al. presented a unique
microfluidic platform incorporating an electrochemical array for
label free detection of protein interactions using EIS method.27

The precise chemical delivery inside microfluidic channels
allows much more precise and consistent electrode treatment in
a high throughput manner compared with that achieved in
single glycan sensors,17,18 leading to more uniform electro-
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chemical response. ITO, a transparent electrochemical material
with excellent optical transparency, high electrical conductivity,
and a wide electrochemical working window, can be integrated
on a chip with the use of lithography, sputtering, and etching
technologies.32 The great number of advantages makes the
microfluidic system integrated with ITO electrode arrays a
potential platform for the facile and fast analysis of the glycan
profiling in a high-throughput manner.33−35

Herein, we developed an integrated microfluidic device with
the merits of combination of the EIS technique and optical
microscopy method using ITO electrode arrays which not only
served as an electrochemical sensing interface but also served as
an optical observing window to evaluate the carbohydrate
expressions on tumor cell K562. The cells showed distinct
binding patterns to the lectin array measured by EIS and optical
observation suggesting the differences in their carbohydrate
expression patterns on cell surface. Gold nanoparticles
(AuNPs) were modified on the electrode surface to improve
the sensitivity of the electrochemical cytosensors.36,37 The
proposed method allowed label free and noninvasive multiple
assays on a 5 × 5 cm2 microfluidic chip on which four different
tests can be accomplished at once. Meanwhile, the electro-
chemical and optical signals can be obtained simultaneously,
from which a double-check mode can be realized to increase
the sensitivity and accuracy of the multi-glycan evaluations. The
developed platform was further used to evaluate the variation of
glycan expressons on living cells in response to drugs. The total
cell sample consumption for each chamber is only 5 × 103 cells.
This ability is of particular importance in studying the rare cell
sample. We envisioned that the present optical−electro-
chemical microfluidic platform can become a useful tool for a
high-throughput cell surface multi-glycan profile, and poten-
tially applicable in cancer diagnosis and treatment.

■ EXPERIMENTAL SECTION
Materials and Reagents. AZ4562 was provided by 55th

institute of Nanjing Branch of China Electronic Sci-tech Group.
Negative photoresist SU-8 2050 was purchased from Micro-
chem, Newton, CA. 25% The tetramethyl ammonium
hydroxide (TMAH) aqueous solution, chloroauric acid
(HAuCl4·4H2O), and trisodium citrate were obtained from
Shanghai Reagent Co. (Shanghai, China). Lectins used in this
study included concanvalin A (Con A), peanut agglutinin
(PNA), and wheat germ agglutinin (WGA). The lectins, 3′-
azido-3′-deoxythymidine (AZT), poly(diallyldimethyl-
ammonium chloride) (PDDA, 20% W/W in water, MW =
200 000−350 000) , and t r i ch lo ro(1H , 1H , 2H , 2H -
perfluorooctyl)silane were purchased from Sigma-Aldrich
(Sigma-Aldrich, St. Louis, MO). Bovine serum albumin
(BSA) was purchased from Shanghai Huamei Biochemical
Reagents (Shanghai, China). Analytical grade mannose was
from Sinopharm Chemical Reagent Co. Ltd. (China). AuNPs
were prepared by citrate reduction of HAuCl4 in aqueous
solution.38 Phosphate buffer saline (PBS, pH 7.4) contained
137 mM NaCl, 2.7 mM KCl, 87 mM Na2HPO4, and 14 mM
KH2PO4. All other reagents were of analytical grade. All
aqueous solutions were prepared using ultrapure water (Milli-
Q, Millipore).
Cells and Culture. K562 cell line (chronic myelogenous

leukemia) from Nanjing KeyGen Biotech Co., Ltd., was
cultured in RPMI 1640 medium (Gibco, Grand Island, NY)
supplemented with 10% fetal calf serum (HyClone Laboratories
Inc., Logan, UT), penicillin (100 units mL−1), and

streptomycin (100 μg mL−1). The cells were grown in standard
100 × 20 mm2 Petri dishes (Corning Inc., Corning, NY) at 37
°C in a humidified incubator containing 5% CO2. At the
logarithmic growth phase, cells were collected and separated
from the medium by centrifugation at 1000 rpm for 6 min, and
then washed thrice with a sterile pH 7.4 PBS. The cells were
resuspended in cold PBS containing 1.0 mM Ca2+ and 1.0 mM
Mn2+. The cell number was counted using a Petroff-Hausser
cell counter. In the drug treatment assay, the K562 cells were
incubated in culture medium containing 20 μM AZT for 3 h.

Microfluidic Chip Design and Construction. The PDMS
film with serpentine channels and cell capture chambers was
fabricated using soft lithography39 and replica molding. Briefly,
a transparency film with patterns (2540 dpi) was used to
generate our master mold. The mold was fabricated using
negative photoresist (SU-8 2050, 2500 rpm spin speed, 60 μm
thick) on a silicon wafer (Shaoguang Chrome Blank Co., Ltd.,
Changsha, China). The PDMS film was cast against SU-8
photoresist mold. To facilitate the releasing of the elastomer
from the mold, the mold was pretreated with trichloro-
(1H,1H,2H,2H-perfluorooctyl)silane. Several tips of silicone
tubes served as main inlet, and branch inlets were adhered on
the inlets positions of the SU-8 mold with PDMS prepolymer
mixture (sylgard 184, Dow Corning, monomer/curing agent =
10/1). Then, the rest of the mixture was poured on the mold
and cured in 70 °C for 2 h. After PDMS film was cut and
peeled off from the SU-8 mold, silicone tubes remained on
PDMS film as inlets. The height of the channel was about 60
μm. To integrate reference and auxiliary electrodes on the
chips, four circular openings of 3 mm diameter in the cell
capture chambers or the downstream of the cell capture
chambers were punched by blunt-tip needle. The outlet
reservoirs were punched with diameter of 1.2 mm.
ITO-coated glass with a surface resistance of 30−60 Ω/cm2

(Condue Optics and Electronics Technology Co., Ltd., Jintan,
China) was cut into 5.0 × 5.0 cm2 slides. The ITO film was
patterned into four independent 3 mm diameter round
configurations terminating in 2 × 2 mm2 squares at the edge
of the slides to allow connection to an amplifier. ITO electrode
arrays were fabricated by a photolithographic and wet etching
procedure. The substrate was cleaned with chemical detergent
solution, acetone, ethanol, and water, respectively. A layer of
AZ4562 positive photoresist was spin-coated onto the ITO
substrate at 2000 rpm for 30 s. The coated ITO slide was
prebaked at 90 °C for 10 min on a hot plate. It was next
exposed under a UV lamp (250 W) for 150 s using a
transparency film as a photomask (2540 dpi). The photoresist
was then developed in 2.38% TMAH aqueous solutions for 5
min to remove the exposed photoresist. An acidic solution
composed of 5% HNO3 and 20% HCl was used to etch the
portion of the ITO that was not protected by photoresist. The
substrate with patterned ITO electrode arrays was cleaned with
ethanol and ultrapure water, dried with nitrogen, and stored for
use.
The screen-printed carbon electrodes (SPCEs) containing

four groups of auxiliary electrode and reference electrode were
prepared with screen-printing technology as described else-
where.40 Briefly, a layer of carbon paste was screen-printed on a
poly(ethylene terephthalate) (PET) sheet as conductive bands
and auxiliary electrodes. Then a layer of Ag/AgCl ink was
imprinted as the reference electrodes. Finally, the insulating ink
was used to insulate the conductive bands to expose the
conjunction tips and the electrode areas.
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The construction of the integrated microfluidic device
involved three parts. The PDMS slab was irreversibly bonded
on the ITO slab to form a sealed device using oxygen plasma
treatment (Harrick Scientific Corporation, Ossining, NY). The
four cell capture chambers on the PDMS slab were aligned to
the four electrode patterns on the ITO glass slide, respectively.
This device was used for the optical microscopic observation. In
this device, the SPCEs were aligned to the four circular opening
and sealed with the ultrathin double-side tape to form four
groups of three-electrode system. After the optical microscopic
observation was finished, the SPCEs were integrated on the
device in 2 min, which facilitated the electrochemical
monitoring.
Lectin Array Preparation. Cell and reagent flow entered

from the upper inlet to the cell capture chamber arrays by
gravity. All liquid handling steps, including the electrode
modification, incubation, and washing, were performed on a
single chip. The cells and the reagent flow were introduced
from the main inlet. The four branching inlets were designed to
deliver different proteins. The modification process was shown
in Figure 1C. First, 75% ethanol aqueous solution flowed from
the main inlet to fulfill the channel and sterilize the device.
Second, one channel volume of 1:1 (v/v) ethanol/NaOH (1
M) was incubated in the channels for 10 min and rinsed with
three channel volumes of water. Third, one channel volume of
0.05% PDDA aqueous solution (pH 7.0) was introduced for 10

min to modify a monolayer of PDDA on the electrode surface.
After the coupling reaction, the channels were rinsed
thoroughly with six channel volumes of water to remove the
physically adsorbed PDDA on the region of the electrodes.
Fourthly, one channel volume of AuNPs solution was
introduced in the device and followed by incubation for 20
min or 1 h. In this process, the negatively charged AuNPs were
readily adsorbed on the electrode surface with a layer of PDDA
with positive charge. After rinsing the channel thoroughly with
water and PBS, a certain concentration of BSA, Con A, PNA,
and WGA in 0.01 M PBS was introduced from the four
branching inlets to the four cell capture chambers, respectively.
Then, the chip was incubated for 30 min in a humidified 5%
CO2 incubator at 37 °C. After the modification with the
protein, the channel was rinsed with three channel volumes of
0.01 M PBS. Finally, the chip was blocked with 1% BSA for 10
min at room temperature.

Cell Binding with Lectin Arrays. At the logarithmic
growth phase, cells were collected and separated from the
medium by centrifugation at 1000 rpm for 6 min, and then
washed thrice with a sterile PBS (pH 7.4). The cells were
resuspended in cold PBS containing 1.0 mM Ca2+ and 1.0 mM
Mn2+ in a concentration of ∼1.0 × 106 cells mL−1. A 20 μL
portion of the cell suspension was introduced from the main
inlets of the device, and then, the cells flowed from up to down
slowly to the electrodes. After the cells were filled in the

Figure 1. (A) Side view of one channel in the two microfluidic configurations. In configuration 1, the four circular openings of 3 mm diameter were
punched on the four cell capture chamber regions of the PDMS slab for the SPCEs integrating. In configuration 2, the four circular openings of 3
mm diameter were punched in the down stream of the four cell capture chamber regions for the SPCEs integrating. (B) The construction process of
the device for optical−electrochemical monitoring according to configuration 2. Inset shows photograghs of the devices. (C) Schematic
representation of lectin-based array for cell surface glycan evaluation. The recognization layer consisted of specific lectins which recognize the
corresponding glycan on the cell surface. The EIS assay and optical microscopic observation were performed for the glycan evaluation.
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chambers, the inlet and outlet was counterpoised. Cell binding
occurred on the lectin arrays in the independent chamber on
ice (0 °C) for 20 min.15 After incubation, the device was rinsed
gently with three channel volumes of 0.01 M cold PBS at pH
7.4 to flush away the nonspecifically bound cells in the
chamber.
Microscopic Imaging. To determine the cell numbers on

the electrode surface in each chamber, the images at four
positions of each electrode surface were collected by a Nikon
TE-2000-U inverted optical microscope. The number of the
bound cells in the images was counted using Image J processing
software (http://rsb.info.nih.gov/ij/). The total number of cells
in each chamber was estimated by the mean value of four zones.
The results were expressed in percentage of surface area
coverage. In this manner, bias due to size differences between
cells could be avoided because surface area coverage was
employed as a quantitative measure rather than simply counting
cells per unit area.
Electrochemical Impedance Spectroscopy (EIS). EIS

measurements were performed on an Autolab PGSTAT12
(Ecochemie, BV, The Netherlands) controlled by GPES 4.9
and FRA 4.9 software. All experiments were carried out using
ITO arrays as working electrodes, carbon as auxiliary electrode,
and Ag/AgCl as reference electrodes in 0.01 M PBS (pH 7.4)
containing 5 mM K4[Fe(CN)6], 5 mM K3[Fe(CN)6], and 0.1
M KCl. The electrochemical impedance spectra were recorded
within the frequency range 0.01−1.0 × 105 Hz. The amplitude
of the applied sine wave potential was 5 mV. All Ret values were
obtained from three independence experiments. The error bars
represented the SD of the mean.

■ RESULTS AND DISCUSSION

Device Design. An integrated microfluidic device was
constructed to implement the electrochemical impedance
spectroscopy and the optical microscopy assay for the glycan
expressions on the surface of living tumor cells. The serpentine
channels served as reagent mixer were designed.41 As the
streams traveled down from the main and branch inlets, they
were allowed to mix by diffusion in the serpentine channels.
This mixer made the solution of the reagents flow through the
chamber homogenization. In the initial design (shown in Figure
1A, configuration 1), the four circular openings were punched
on the four cell capture chambers for the integration of the
SPCEs containing four groups of auxiliary electrodes and

reference electrodes. In this design, working electrode was set
at the bottom, and the SPCE was at the top facing each other.
Although the proximity of the electrodes was in favor of the
electron delivery, the fast volume increase in the chamber (the
height of the chamber was about 1 mm while that of the
channel was only 60 μm) made the unreacted cells difficult to
flush away from the chamber in the rinsing steps and thus
affected the accurate electrochemical and optical determination.
To improve the accuracy, the four circular openings for SPCEs
integrating were punched on the downstream of the chamber
(shown in Figure 1A, configuration 2). In the new strategy, the
phenomenon mentioned in the initial design was effectively
avoided. Also, the distance from the cells in the chamber to the
electrode surface was shortened (the height of the chamber was
only 60 μm), which helped the interaction of the cells with the
electrode surface. Thus, the second configuration was selected
in the following experiments. As shown in Figure 1B, each
chamber had an individual inlet (branch inlet), and all
chambers shared a common inlet (main inlet). All chambers
could be operated independently from each other, or in parallel.
PDMS film with serpentine channels and cell capture chamber
arrays was integrated with ITO electrodes for simple micro-
scopic observation. After that, the SPCEs were integrated on
the chip, and the EIS experiments were performed. With this
fabrication protocol, two multiplexing assay schemes can be
realized. First, the design allowed the introduction of one lectin
into four cell capture chambers, which resulted in the
simultaneous evaluation of the lectin specific sites on multiply
cell types. Second, four lectins can be modified on four
electrodes, respectively, to evaluate the different glycan
expression on one cell line.

Characterization of the Biosensor Array. Preparation of
the sensing interfaces recognizing the different glycans with
stability and reproducibility was a critical step in the fabrication
of the array. The modification process (shown in Figure 1C)
was monitored using EIS. The electrode impedance can be
calculated on the basis of the Randles equivalent circuit shown
in Figure 2A (inset). In the presence of redox probe
([Fe(CN)6]

3‑/[Fe(CN)6]
4‑), the stepwise surface modification

was believed to affect Ret, the resistance of electron-transfer
limited process shown in Figure 2A. Before modification, an
electron-transfer resistance of the bare electrode was about 690
Ω (Figure 2A, curve a). The addition of PDDA on the
electrode gave a lower resistance (Figure 2A, curve b), which

Figure 2. (A) Nyquist diagram of electrochemical impedance spectra recorded from 0.01 to 105 Hz for [Fe(CN)6]
3‑/ [Fe(CN)6]

4‑ (10 mM, 1:1) in
10 mM PBS (pH 7.4, containing 0.10 M KCl) at (a) bare ITO, (b) PDDA/ITO, (c) AuNPs/PDDA/ITO, (d) Con A/AuNPs/PDDA/ITO. The
inset represents the Randles equivalent circuit model for the impedance of the electrochemical sensing system. (B) The Ret value of stepwise
modification. The columns (1−4) correspond to the processes (a−d) in part A. The error bar represents the difference among the four electrodes on
each step.
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might be attributed to the adsorption of [Fe(CN)6]
3‑/

[Fe(CN)6]
4‑ to the positively charged PDDA layer facilitating

the electron delivery process.42 To achieve a better sensitivity
on EIS analysis, a monolayer of AuNPs was modified at the
PDDA/ITO electrode through electrostatic adsorption to
decrease the electrochemical impedance, while the transparency
was well preserved.43 The atomic force microscopic (AFM)
images showed that the Au monolayer on the ITO surface was
complete, homogeneous, and well ordered (Figure S1). The
resistance decreased with the AuNP modification because the
excellent conduction of AuNPs accelerated the electron transfer
(Figure 2A, curve c).36,37 Moreover, the AuNPs on the
electrode could provide a biocompatible and rough surface
for the protein immobilization. After Con A was assembled on
the AuNPs/PDDA/ITO, the resistance increased greatly
(Figure 2A, curve d), suggesting that Con A molecules were
immobilized at the electrode and blocked the electron exchange
between the redox probe and the electrode. To characterize the
uniformity of the assembly process on the four electrodes, EIS
was performed on each electrode after each assembly step and
the impedances were compared. As shown in Figure 2B, the
resistance of the four electrodes at each modified step differed
by less than 14.9%, which demonstrated the relative uniformity
for the four electrodes during the modification process.
To investigate the expression of different glycans on the cell

surface, the surfaces of four electrodes were modified with three

different lectins and one passivation agent, Con A, PNA, WGA,
and BSA, respectively. BSA was used as a negative control in
one chamber and a blocking agent in other three chambers with
the lectin modified surface. The lectin array with distinct
binding specificities was used to evaluate the glycan expression
on K562 cell surface. Cell suspensions at the optimized
concentration of ∼1 × 106 cells mL−1 were introduced in the
device and incubated on ice (0 °C) for 20 min. The effective
specific binding between the cells and the electrode surface was
accomplished within 20 min, which was less than 30−60 min
required in lectin array-based method5,15 or electrochemical
method.17 The shortened incubation time can be ascribed to
the scaling effects in microfluidic system which accelerated the
interaction between the cells and the interface. After the cell
washing, the bound cells were monitored with EIS method and
observed by optical microscopy.
For the array with lectin, the lectin surface density

(molecules of lectin per unit area) is an important parameter.
It is necessary to optimize the surface density of the lectins.
Low density of lectins on electrodes led to fewer binding sites,
while high density of lectins created the steric hindrance on
electrode surface to interfere with cell binding. The lectins at
concentrations from 0 to 2.5 mg mL−1 were measured, and the
results were illustrated in Figure 3. Ret obtained after cells
binding on the lectin array reflected the sum of the resistance
change contributed by the cells binding and the electrode

Figure 3. (A) Plots of ΔRet values obtained at the lectin array after incubation with 20 μL cell suspension of K562 cells of 1.0 × 106 cells mL−1 for 20
min on ice vs concentration of lectins. (B) Binding densities represented in area coverage of K562 at different lectin immobilized electrodes
corresponding to part A. Data shown were the mean values from three independence chips. The error bars represented the SD of the mean.

Figure 4. (A) Nyquist diagram of electrochemical impedance spectra recorded from 0.01 to 105 Hz for [Fe(CN)6]
3‑/[Fe(CN)6]

4‑ (10 mM, 1:1) in
10 mM PBS (pH 7.4, containing 0.10 M KCl) at (a) K562/BSA/AuNPs/PDDA/ITO, (b) K562/BSA/PNA/AuNPs/PDDA/ITO, (c) K562/BSA/
Con A/AuNPs/PDDA/ITO, and (d) K562/BSA/WGA/AuNPs/PDDA/ITO. Cell density is 1.0 × 106 cells mL−1. (B) Ret values of lectin-covered
electrode arrays after blocking with BSA (blue) and ΔRet values for the increase of Ret upon cell binding (red). The error bars come from three
independent chips.
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resistance. The electrode resistances were varied with the
modified lectins. Thus, the change of Ret (ΔRet) reflected the
information about the cells binding. As shown in Figure 3A, the
maximum of the impedance increase was observed for both
Con A and PNA at 1.5 mg mL−1 and 2.0 mg mL−1 for WGA.
For Con A and PNA, ΔRet decreased slightly when the
concentration exceeded 1.5 mg mL−1. The same phenomenon
appeared in the concentration above 2.0 mg mL−1 for WGA. At
low concentration of lectin, the surface density of the lectin was
low, and thus, the binding sites on the surface were limited. So
the binding cells increased on the electrode with elevated lectin
concentration. The increase of the cells on the electrode further
blocked the electron transfer on the interface leading to the
increase of the impedance. The slightly decreased ΔRet for
three lectins at a certain concentration might be caused by the
steric hindrance between the protein molecules on the surface
at higher densities on the surface, which decreased the cells
binding with proteins.15 As shown in Figure 3B, the results
obtained by the optical microscope method also confirmed the
validation of the electrochemical impedance measurement.
Therefore, 1.5 mg mL−1 for Con A and PNA and 2.0 mg mL−1

for WGA were selected as the optimum concentration for
further experiments.
Electrochemical Impedance Assay. Comparing with the

cell-based lectin array method12−14 or electrochemical-signaling
system17,18 reported previously, we used an optical−electro-
chemical microfluidic platform with fast, low sample and
reagent consumption, and high sensitivity for the multi-glycan
evaluation on K562 cell surface. Under the optimum
conditions, muti-glycan expressions on K562 cell surface were
evaluated using EIS technique. As shown in Figure 4A (curve
a), the electrode modified with BSA showed comparatively low
Ret, which suggested that the binding between cells and BSA
was weak and BSA was an effective blocking agent to prevent
the nonspecific binding of the cells on the electrode surface.
While the cells interacted with the lectin modified electrode,
the electron transfer resistance increased as shown in Figure 4A
(curve b−d). Evidently, the lectin immobilization, subsequent
BSA blocking, and the binding of cells to the lectin arrays
surface through specific recognition hindered the interfacial
electron transfer on each sensing surface and thus lead to the
Ret increase. The Ret change (ΔRet) was correlated with the cell
numbers specifically binding to the electrode surface, which
depended on the binding site numbers on cells captured by
each sensing surface, and illustrated the amount of target glycan
expression. In Figure 4B, the increased Ret was not observed on
the surface modified with only BSA because few cells were
captured on the surface. The results demonstrated that the
unspecific adsorption can be neglected in this system. The ΔRet
for the lectin modified electrodes showed that ΔRetWGA >
ΔRetCon A > ΔRetPNA. On the basis of the ability of the lectins to
recognize saccharide motifs, the binding differences were used
to interpret the sugar codes on K562 cell surface. The binding
difference reflected high expression of (GlcNAc)2 and/or sialic
acid, moderate expression of mannose, and less Galβ1-
3GalNAc on the K562 cell surface, which was consistent with
previous report.44 In the assay, only 5 × 103 cells were used to
profile the glycan expression on the cell surface, which was
much less than the 5 × 105 cells required in the lectin array-
based method5 and 2.4 × 105 cells required in the single-
electrode sensor in the electrochemical method.17 The excellent
sensitivity provides unique opportunities for the rare-cell
analysis, such as patient-derived cells.

Optical Microscopy Analysis. The binding extent of cells
to the lectin arrays was further validated by the optical
microscopic method. The results with the optical microscopic
method were shown as visual examples in Figure 5A

(corresponding to Figure 4A), and in graphical form in Figure
5B. As shown in Figure 5A, the cells showed distinct binding
patterns to the lectin arrays due to differences in their cell
surface glycan expression patterns. An expanded version of
Figure 5A was included in Figure S2. There were fewer cells
binding to the BSA modified surface, and the area coverage
percentage was about 2.4 ± 0.35%. The percentage of the area
coverage obtained from the lectin modified electrodes indicated
that the cell binding ability decreased in the order: WGA > Con
A > PNA. This result was in good agreement with the EIS data,
and further subtantiated the accuracy of the EIS measurements.

Monosaccharide Inhibition Assay. To demonstrate the
specific recognition between the lectin and the cell surface
glycan, mannose (specific to Con A) and Con A were selected
as an initial proof-of-concept recognition pair. The EIS assay
and optical observation were performed on the lectin arrays in
presence or absence of mannose. As shown in Figure 6, the
binding of the cells to the Con A modified surface was notably
inhibited in the presence of mannose. The mannose partly
blocked the binding site on the Con A; thus, the binding
between Con A and the mannose motifs on the cell surface was
interfered. Whereas mannose did not show any inhibition to
the binding of WGA and PNA modified electrodes. The
notably inhibition ability of mannose on Con A covered surface
illustrated the specific recognition of Con A to the mannose
groups on the cell surface. The method demonstrates glycan-

Figure 5. (A) Binding patterns of K562 cells to the lectin array. (B)
Binding densities represented in area coverage of K562 cells on lectin
array.
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specific cell binding and is useful in probing accessible cell
surface glycans.
Evaluation of Glycan Expression on Cells in Response

to AZT. The presented optical−electrochemical microfluidic
platform was further used to evaluate the cell surface glycan
expressions in response to the drug. The intracellular
metabolite of AZT can inhibit the nucleotide−sugar transport
and produce remarked changes of the oligosaccharidic
component of the glycoconjugate.45 Thus, the metabolite of
AZT can be utilized to evaluate the variation of cell surface
glycans after drug treatment.44 The impedance spectra of the
AZT-treated cells on the lectin arrays and Ret changes were
shown in Figure S3. Compared with untreated K562 cells, both
the PNA and WGA recognizing glycans exhibited significant
increases on AZT-treated K562 cells (shown in Figure 7).
These results showed that PNA and WGA recognizing glycans
were more sensitive to the AZT, while the influence on Con A
recognizing glycans was less, in accordance with previous
report.45 The microscopic observation was also performed on

the platform. The results with optical microscopic method were
shown as visual examples in Figure S4A (corresponding to
Figure S3A), and in graphical form in Figure S4B. A similar cell
binding pattern was obtained, which confirmed that there was
no significant difference between the results given by the two
methods. Thus, the developed versatile platform provided an
interesting alternative tool to profile multi-glycan expressions
and the variation during drug treatment on living cells.

■ CONCLUSIONS
The work reported here provides a proof-of-concept demon-
stration of in situ, label free, qualitative evaluating of living cell
surface glycan expression simultaneously by EIS technique and
direct optical microscopic observation on a microfluidic device.
An ITO electrode array facilitating the electrochemical
determination and the optical observation was integrated on
the device. By using AuNPs for efficient immobilization of
lectins, the interface maintained the biological activity of the
immobilized proteins on the surface and enhanced the
sensitivity for impedance analysis of the cell surface glycan
expression. The differences in the glycan expression obtained
with the optical method were consistent with the electro-
chemical method. The developed platform was also successfully
applied to evaluate the variance of the glycan expression on
living cells in response to drugs. The chip can be used to
sample a greatly reduced number of cells compared with the
conventional methods. Although only four sensors were
integrated on the device, the approach can be readily extended
to scale the device up for getting more detailed information
about the glycome on living cells. The multiplex analysis
simultaneous with the electrochemical and optical method
makes the analysis of the same cell type binding to a variety of
ligands or many different cell types binding to the same ligands
possible. Therefore, the present optical−electrochemical micro-
fluidic platform provides a powerful tool to guide the diagnostic
and therapeutic routes to the detection and treatment of cancer
metastasis.
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