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ABSTRACT: Rich high-quality single-cell information from rare cell sample
is very important for the quantitative systems biology description of cellular
function. However, this type of data is often prohibited by the conventional
analytical technology such as flow cytometry. In this paper, we described a
microfluidic platform coupled with a quantum dots-based (QDs)
immunofluorescence (IF) approach to measure the expression of glycans
on the cell surface of single cells or cell population. Compared with
conventional IF staining, the QDs-based IF probe exhibited higher brightness
and stability against photobleaching. With the merits of the novel IF staining
protocol and microfluidic platform, high-throughput IF staining was
performed to measure the glycan expressions and the changes at single
K562 cells after drug treatment. The protocol proposed here showed a high
sensitivity on the glycan expression profile owing to the amplification of the
signal in indirect IF staining. The size of cell sample was only 4 × 103 cells, which made the rare cell sample analysis accessible.
This method may find widespread application for assessing cell-surface glycoprotein expression as well as analysis of the
heterogeneity in cell populations in a high-throughput manner.

Knowledgement on the behavior of an individual cell is of
critical importance because even genetically identical cells

showed large variation in gene expression and behavior.1,2 Flow
cytometry (FC) is one of the most common techniques to
perform high-throughput single cell data collection, while its
capacity to sample rare cell samples was limited. Some other
methods, such as optical tweezers, dielectrophoresis (DEP), or
acoustic wave, allow efficient trapping and manipulation of
single cells for analysis. However, these methods are low-
throughput and not yet suitable for cell biological laboratories.
To obtain single cell data in rare cell samples in a high-
throughput manner facilely, new techniques are needed. One
such technique, which has opened up for single cell analysis
with more facile cell manipulation, precise reagent introduction,
and low reagent consumption, is microfluidics.3−6 Recently,
various microfluidic based arrays have been developed for the
single cell analysis.7−10 Wlodkowic et al. developed a
microfluidic platform comprising of an array of micro-
mechanical traps to kinetically analyze anticancer agents on
hematopoietic cancer cells, which provided new opportunities
for automated microarray cytometry and higher-throughput
screening.8 Figueroa et al. reported a method to detect and
analyze odorant responses of about 2900 olfactory sensory
neurons (OSNs) simultaneously using a microfluidic micro-
wells array.9 These microfluidic microwell arrays validated
many systems biology models on patient-derived cells using
simultaneous analysis of a large population of cells, whereby the
position of individual cells was encoded and spatially
maintained over extended periods of time.

Immunofluorescence (IF), as a common laboratory
technique, has been widely used both in research and clinical
diagnostics. The applications included the evaluation of tissue,
cultured cells, or individual cells for the detection of specific
proteins,11,12 small biological molecules,13 glycans,14 and so on.
In IF techniques, the fluorescent labeled antibodies bound
(directly or indirectly) to the target which allowed the
detection using wide-field fluorescence or confocal micro-
scopes. The fluorescence difference or variation was always
related with abnormal expression of various diseases,15−17 such
as a glycan-related process.18,19 Cell surface glycans, a large
group of biomolecules with diverse structures, presents the
upstream information about the cell to the outside world. More
evidence indicates that the carbohydrates coated on the cell
surface are intimately involved in cell adhesion, differentiation,
and immunological recognizations.20,21 Dynamic changes in the
glycan expression have been observed in tumor cell metastasis
and cell differentiation.22,23 Previous techniques established for
glycan detection include mass spectrometry,24 chromatogra-
phy,25 and nuclear magnetic resonance.26 While every strategy
possesses distinct advantages, each also suffers its own
drawbacks such as lethal destructivity associated with the
methodologies, the necessity of laborious procedures, or high
cost. To address this, some innovative analysis formats based
on ingenious signaling mechanism has been proposed
recently.27−31 For example, Han et al. proposed a fluorescent
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analysis of dynamic glycan expression using glyconanoparticles
and functionalized QDs, which could realize double signal
amplification.27 Zhao et al. reported a robust and specific
photoelectrochemical approach for glycan based on a unique
biosensing interface consisting of free-base-porphyrin bridged
3-aminophenylboronic acid and titania.28 In our earlier work,
we have developed a microfluidic platform to evaluate the
multiglycan expressions on living cells using electrochemical
impedance spectroscopy and optical microscopy.29 The image-
based method used therein shows great promise, such as the
fast determination process and the facile image analysis, offering
an elegant route for understanding the role of glycan in disease
development as well as to help guide treatments.
In conventional IF assay, the organic dyes or fluorescent

proteins were labeled with the antibody that recognized the
antigen of interest directly or indirectly. As with most
fluorescence techniques, a significantly problem with IF was
photobleaching. Quantum dots (QDs), the new semiconductor
nanocrystals, with higher brightness and stability against
photobleaching,32,33 have achieved encouraging developments
in cellular and in vivo molecular imaging, especially in the
cancer research field.27,34,35 QDs based fluorescent probes have
been developed for glycan expression analysis.36−38 In these
methods, the QDs were directly functionalized with molecules
such as phenylboronic acid or lectins to specifically recognize
the sugar epitope on the cell surface. Pang et. al developed a
QDs-based IF technology for the quantitative, sensitive, and
accurate determination of HER2 in breast tissue.39 In our
previous report, QDs had been used to probe the apoptotic
cells in a microfluidic device for drug screening, which bridge
the gap between the QDs based in vitro cell imaging and the
analysis of individual cell in a microfluidic system.40

Herein, we reported a QDs-based IF approach using a
microfluidic cell array device to quantify the glycan expressions
and the changes on the K562 cells after 2-deoxy-D-glucose (2-
DG) treatment. The microfluidic platform comprises an array
of microwells allowing passive capture of individual non-
adherent and adherent cells in rare cell samples. All the cells on
the array were addressable even for a short time culturing,
which was difficult in the conventional method, especially for
the nonadherent cells. Compared with the organic fluorescence
probe used in conventional IF staining, the QDs-based
fluorescence probe provides higher brightness and stability
against photobleaching.

■ MATERIALS AND METHODS
Microfluidic Array Fabrication. The microfluidic device

was fabricated using PDMS (Sylgard 184, Dow Corning) by the
standard soft lithography method.41 Two negative photoresist
SU-8 (Microchem, Newton, CA)-based molds were used to
generate the microwells and the microfluidic channels,
respectively. The fabrication process followed the previously
reported protocols.42 The schematic diagram of the overall
microfluidic device was shown in Figure 1A. Briefly, two
photomasks (printed at 10 000 dpi, Meijingwei Photo-
electronics Co., Ltd., Suzhou, China), one for the microwells
comprised of 1400 wells and one for fluidic layers with
microchannels and a culturing chamber, were used to generate
our master molds. The molds of the microwell and the fluidic
layer with thickness of 25 and 50 μm were fabricated by the
SU-8 photoresist, respectively. The fluidic layer was made by
pouring PDMS (10:1, elastomer to cross-linker ratio) onto its
mold to a thickness of 2 mm and cured in 70 °C for 2 h. Prior

to pouring the PDMS onto the mold of the fluidic layer, two
tips of silicone tubes were glued onto the surface of the master
mold to serve as an inlet and outlet. While the microwell layer
of the chip was made by spin-coating PDMS (5:1, elastomer to
cross-linker ratio) onto the microwell mold at 500 rpm for 30 s
to a thickness of 0.2 mm, and baked for 70 °C for 2 h. The
cured layers were peeled from the master carefully. The
microwell layer was transferred onto a coverslip. The fluidic
layer was irreversibly bonded on the microwell layer to form a

Figure 1. Schematic of a microwell array-based analysis of glycan
expression on individual cells in microwells. (A) A schematic diagram
of the overall microfluidic device. Branching delivery channels ensured
more equal distribution of flow with cells and reagents to each part of
the chamber. Only one inlet and outlet were needed, cell and reagent
flow were introduced from the upper inlet and entered the microwell
arrays by hydro-gravity. (B) The process of cell suspension introducing
and single cell trapping. A volume of 2.0 μL of K562 cell suspensions
were introduced into the device (step 1). The flow was stopped, and
the cells were allowed to settle down into the microwells (step 2). A
drop of PBS was introduced into the outlet to reverse the flow
direction, and the cells in the outlet were passing through the
microwell region again (step 3). The flow was halted to allow the cells
to settle down into the microwells (step 4). This process was repeated
two or more times to achieve a satisfactory single cell occupancy. Then
extra PBS medium immediately introduced into the inlet for removing
out the residual cells between the microwells in the microchamber
(step 5). (C) Schematic drawing of the microfluidic IF staining
process. The major process followed as fixing → blocking → Con A
incubating → washing → blocking → anti-Con A antibody incubating
→ washing → blocking → QDs-IgG incubating → washing and
observation.
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sealed device using oxygen plasma treatment (Harrick Scientific
Corporation, Ossining, NY).
Cell Culture and Treatment. The K562 cell line from

Nanjing KeyGen Biotech Co., Ltd. was cultured in RPMI 1640
medium (Gibco, Grand Island, NY) containing 10% fetal calf
serum (HyClone, Logan, UT), 100 units mL−1 penicillin, and
100 μg mL−1 streptomycin at 37 °C in a humidified incubator
containing 5% CO2. The cells at the logarithmic growth were
collected and separated from the medium by centrifugation at
1000 rpm for 6 min and then washed three times with a sterile
phosphate buffer saline (PBS, pH 7.4). The supernatant was
aspirated, and the cell pellet was resuspended in the PBS to
obtain a homogeneous cell suspension. Cell number was
determined using a Petroff-Hausser cell counter. 2-DG (Sigma-
Aldrich Inc.) treated K562 cells were obtained by incubating
the cells in a culture medium containing 20 and 80 mM 2-DG
for 12 h, respectively.
Chip Loading and 2-DG Treatment. The microfluidic

device was autoclaved before use. To avoid air bubbles trapped
in microwells, the device was primed with 75% ethanol (v/v)
and vacuumized for 3 min. Following the ethanol treatment,
0.01 M PBS (pH 7.4) was used to rinse the system for 3 min.
Then the device was fulfilled with 2% BSA in PBS at 37 °C for
30 min to block the microwell array surface.
The introduction of single cells from cell suspension into

microwells was shown in Figure 1B. Initially, 2 μL of the cell
suspensions (2.0 × 106 cells mL−1) was introduced from the
inlet of the device, which led the cells flow from up to down the
microwell arrays by hydro-gravity (Figure 1B, step 1).
Subsequently, the inlet and the outlet volume with PBS were
counterpoised, and the flow was halted for 3 min to allow the
cells to settle down into the microwells (Figure 1B, step 2).
Then, a drop of PBS was introduced into the outlet to reverse
the flow. The cells in the outlet passed through the microwell
region (Figure 1B, step 3) to allow more cells to settle down
into the microwells (Figure 1B, step 4). This process was
repeated two or more times to achieve a satisfactory single cell
occupancy. Finally, the cell samples in the inlet were genteelly
aspirated out and an extra 2 μL of PBS medium was
immediately introduced into the inlet to remove the residual
cells between the microwells in the microchamber (Figure 1B,
step 5).
For on chip cell culturing, a reservoir (diameter of 5 mm,

height of 5 mm, and total volume of about 100 μL) was
equipped gently. A syringe pump (Baoding Longer Precision
Pump Co., Ltd.), loaded with a 1 mL syringe at the outlet,
pulled the culture medium to generate a flow rate of 50 μL h−1.
After 24 h culturing, the cell viability solution containing
calcein-AM (Ex/Em = 490 nm/515 nm), and PI (Ex/Em = 535
nm/615 nm) (Dojindo Lab., Kumamoto, Japan) was
introduced to stain the cells. To evaluate the glycan expression
under drug treatment, the chip was continuously perfused with
2-DG for 12 h. QDs 605-goat antihuman IgG (QDs-IgG, Em =
605 nm, Jiayuan Quantum Dots Corporation, Wuhan, China)
were used to probe the glycan variation on the cell surface.
Microfluidic IF Staining. The staining conditions were

screened to optimize the concentrations of concanvalin A (Con
A, Sigma-Aldrich), primary (anti-Con A antibody, Sigma) and
secondary antibodies (QDs-IgG), incubation time spans, and
the washing and blocking steps. Under the optimized staining
conditions, the QDs based IF staining for the glycan expression
was performed. The microfluidic IF staining process was shown
in Figure 1C. The 4% w/w paraformaldehyde solution in PBS

was added to fix the cells trapped in the microwells for 10 min
at 25 °C. After fixation, the cells were rinsed with TBS for 10
min and 2% BSA for 30 min to block the nonspecific binding
sites on the cell surface. Con A treated with various
concentrations of mannose (0, 0.2, 1.0, 1.5, 3.0 mM) was
introduced into the chip and incubated with the cells for 10 min
in PBS containing 1 mM Mn2+ and 1 mM Ca2+ at room
temperature to conjugate with the carbohydrate moiety on the
cell surface. Afterward, the cells were rinsed with TBS-T
containing 0.05% Tween 20. After blocking with 2% BSA for 10
min, anti-Con A antibody was introduced into the device and
incubated for 1 h and the washing and blocking steps were
performed subsequently. Then the resulted microwell array was
treated with QDs-IgG for probing the mannosyl group on the
cell surface. In the drug treatment assay, IF staining was carried
out after the exposure of the cells to 2-DG for 12 h.

Chip Imaging and Data Analysis. Fluorescence images
were acquired using a Nikon TE2000-U inverted fluorescent
microscope equipped with a cooled CCD camera (DS-U1,
Nikon Corporation, Japan). Fluorescent images were analyzed
using the Nikon imaging software NIS Elements (Nikon
Corporation, Japan). The average fluorescence intensity of each
cell region was corrected by subtracting the average local
background fluorescence of the empty wells in the array.

Flow Cytometric Analysis. K562 cells were treated with or
without 2-DG (20, 80 mM in culture medium) for 12 h. Then
the cells were collected, centrifuged, and washed with sterile
cold PBS, respectively. The cells with 2-DG treated were
incubated with 15 μg mL−1 Con A-FITC. The K562 cells
without 2-DG treated were incubated with 15 μg mL−1 Con A-
FITC (blocked with 0, 0.2, 1.0, 1.5, 3.0 mM mannose) for 30
min at room temperature, respectively. The cells were collected
by centrifugation, washing with sterile cold PBS, and
resuspended in 500 μL of PBS. The sample was immediately
analyzed on the flow cytometer (Becton Dickinson) and
confocal laser scanning microscopy (CLSM) with excitation at
488 nm.

■ RESULTS AND DISCUSSION

Cell Loading in the Microwell Array. High single cell
occupancies in the microwell arrays are important for the high-
throughput analysis. Rettig et al. presented an optimization
study to obtain high single-cell occupancies for two cell types in
large arrays of microwells.42 In our system, the microwell size
with different diameters of 20, 30, and 40 μm were tested. The
microwell depth and interwell distance (edge to edge) were
fixed at 25 and 15 μm. As a result, the microwell with a
diameter of 20 μm showed an overall cell occupancy of 30%.
Almost all the occupied microwells included a single cell. In the
case of microwells with 40 μm, the overall occupancy was
nearly 100%, while the microwells with two to four cells
increased significantly. As for the microwell with a diameter of
30 μm, the overall occupancy was approximately 90%.
Compared with the other two sizes, the single cell occupancy
increased obviously. In the flow system, the settle procedure
was pivotal for the single cell trapping. To simplify the cell
trapping for the rare cell sample, a come-and-go flow of the cell
suspension in the device was used. The cell suspension flow
direction was reversed by adjusting the inlet and outlet volume
facilely. This procedure reversed the cell flow and thus created
the opportunity for the cells to be settled into the empty
microwells. Using this strategy, the limited cells could be
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located into the microwells without excess addition of cell
suspensions.
To obtain high single cell occupancy, the settle time was also

an important parameter. In this system, the settle time was only
3 min after the flow halted, which was shorter than that
reported with the microwell arrays.43 In the microwell arrays,
the cell suspension was pipetted onto the array for settling. The
cells in the upper of the drop had a relative long travel distance
to the microwell array surface, which prolonged the settle time.
However, in the microfuidic microwell system, the cell
suspension in the cell chamber was limited to tens of
micrometers dimension space, which shortened the travel
distance of the cells in the suspension to the microwell. The
decreased distance shortened the settle time and thus reduced
the experiment duration and increased the cell viability. As
shown in Figure 2, the single-cell occupancy was ∼70% under

the optimized procedure. A higher occupancy could be
achieved by repeating the trapping procedure, whereas the
longer duration time may influence the cell viability.
Cell Viability. To characterize the cell viability on the

present device, cell viability solution containing Calcein-AM
and PI was introduced to stain the cells. The results in Figure 3
showed that almost all the cells trapped in the microwells kept
high viability after 24 h culturing. The high viability of cells in
microwells were attributed to shorter settle time, relative larger
microwell space, and the protection of cells from the shear
stresses by laminar flow conditions above the wells.44

Compared with the presentation just after cell seeding, more
microwells with two cells were observed after 24 h culturing.

The change was ascribed to the proliferation of the single cells
in the microwells.

Optimization for IF Staining. In IF analysis, to achieve the
high sensitivity and high-resolution in visualization of the target,
the concentrations of primary and secondary antibodies, and
different incubations time spans in the labeling protocol needed
to be optimized. The microfluidic IF staining procedure in this
system was shown in Figure 1C. Con A, a lectin of
carbohydrate-binding protein, was used to bind to the
mannosyl groups on the cell surface by the specific
recognization of Con A and the mannosyl group.45 The initial
Con A concentration for recognition was critical for the
measurement of the expression extent of carbohydrates on the
K562 cell surface. To screen the proper concentration of Con
A, the concentration range from 2 to 100 μg mL−1 was tested.
The results were recorded as the average fluorescence intensity
of the individual cells. Figure 4a showed the plot of the average
fluorescence intensity vs Con A concentration. The average
fluorescence intensity increased to a maximum value at 15 μg
mL−1. At the concentration lower than 15 μg mL−1, the Con A
might be insufficient for binding on K562 cells. When the
concentration was higher than 15 μg mL−1, the steric hindrance
among the protein molecules may interfere the Con A binding
to the cells.30 The Con A concentration of 15 μg mL−1

achieved a saturated binding of Con A to mannosyl groups
on the cell surface.
The recognition time was an important parameter for the

kinetic binding between lectins and cell surface carbohydrates.
As shown in Figure 4b, the fluorescence intensity increased
with the time and tended to a constant value at 10 min, which
indicated the sufficient binding of the Con A conjugate to
mannosyl groups on the cell surface. Therefore, the effective
binding between the Con A and the cell was accomplished
within 10 min, which was shorter than 30−60 min required in
lectin array-based methods.23,30 The decreased recognition time
demonstrated the fast diffusion process in the present
microenvironment.
The anti-Con A was used not only as primary antibody to

recognize Con A but also a linker to specifically conjugate with
the fluorescence probe, QDs-IgG. The various concentration of
anti-Con A was tested. The corresponding concentrations of
QDs-IgG were 0.1 μM or 0.05 μM, and the incubation time was
30 or 60 min. As shown in Figure 4c, the anti-Con A
concentration higher than 30 μg mL−1 did not make any
significant improvement. To obtain the optimal incubation
time, the time-lapse images after introducing 0.1 μM QDs-IgG

Figure 2. (A) Photo taken after cell trapping. Scale bar, 100 μm. (B)
Distribution of microwell occupancies for K562. Each vertical bar
depicts the percentage of microwells occupied by a single cell, two
cells, three cells, or no cells. There are no more than three cells in the
well in this platform. Error bars come from parallel experiments on
three chips.

Figure 3. Viability analysis of the cells cultured within the microfluidic
arrays. Fluorescence micrographs of K562 cells in microwells labeled
with calcein AM (a) and PI (b). Cells were cultured under continuing
perfusion of culture medium with a flow rate of 50 μL h−1 for 24 h.
Scale bars, 100 μm.
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were taken. Figure 4d represented the variation of the
normalized intensity at different time points after introducing
QDs-IgG. When the incubation time increased, the normalized
intensity increased and tended to a constant value at 60 min,
indicating the sufficient conjugation between the anti-Con A
and QDs-IgG. It was noted that the QDs-IgG concentration at
0.05 μM gave faint fluorescence even with longer incubation
time, which was too weak to be analyzed. Thus, the optimal
condition included 30 μg mL−1 anti-Con A and 0.1 μM QDs-
IgG with 1 h incubation.
However, some nonspecific background signal was observed

under the optimum conditions. The surface of cell and
hydrophobic PDMS could nonspecifically adsorb Con A, anti-
Con A, and/or QDs-IgG to give background fluorescent signal.
To eliminate the nonspecific adsorption, the chip was initially
incubated with 2% BSA for 30 min before cell seeding. The
blocking solution containing 2% BSA and the washing solution
added with 0.05% Tween 20 in TBS were used after each step
with protein introduction. The results showed that 15 min for
washing solution and 10 min for blocking solution were
sufficient to eliminate almost all nonspecific signals to obtain a
clear background.
Fluorescent Imaging. With the above-mentioned opti-

mum conditions, the QDs based IF staining was performed to
profile the mannosyl groups on the K562 cell surface. The
expression level of the mannosyl motifs on the cell surface was
correlated with the fluorescence intensity in each individual cell.
Figure 5 showed the typical fluorescence images of the QDs-
IgG based IF staining for K562, while the red fluorescence of
QDs showed uniform dispersion on the cell surface, which

indicated the distribution of the mannosyl groups on the cell
membrane. All the cells in the occupied wells could be probed
with the QDs-IgG sensitively, which exhibited the good
performance of the QDs based IF staining in the microfluidic
system. Interestingly, there were slight variations in the QDs
intensity from well to well. The variations in the fluorescence
intensities indicated that the mount of mannose motifs on the
individual cell surfaces were different. The heterogeneity of the
cells in the glycosylation profile existed even though the
population of the genetically engineered cell lines was from a
single parental cell.1 The effective imaging performance of the
present IF method was competent for the high-throughput
single cell analysis.

Evaluation of Mannosyl Groups on the Cell Surface.
Glycosylation is a major form of post-translational modification
and the variation in glycosylation is associated with cell
differentiation and malignant transformation.46 The specific
carbohydrate−lectin recognition events are being widely
employed as a tool for the cell surface glycosylation profiling.22

To further investigate the performance of the present method
on the glycosylation profiling, mannose−Con A was selected as
an initial proof-of-concept recognization pair to evaluate the
amount of mannosyl groups on the cell surface. In this strategy,
the fluorescence signal was directly related to the amount of
QDs-IgG conjugated to the anti-Con A−Con A complex on the
cell surface. Meanwhile, the Con A conjugated on the cell
surface depended on the expression levels of mannosyl groups
on each cell surface. Namely, the fluorescence signal on the cell
surface reflected the expression of the mannosyl groups on the
cell surface. To evaluate the expression of these carbohydrate

Figure 4. Optimization for the IF staining: (a) average fluorescence intensity at different concentration of Con A, (b) average fluorescence intensity
at different incubation time of Con A to the cell surface, (c) average fluorescence intensity at different concentrations of anti-Con A to the cell
surface, (d) time-lapse analyzes the intensity variation of the QDs-IgG stained cells at different time points after introducing 0.1 μM QDs-IgG. The
fluorescence images were taken with a 20× objective (0.25 s exposure). Fluorescent intensity of individual cell was estimated by Nikon imaging
software NIS Elements, and the intensity values were normalized. All other conditions were at the optimum conditions.
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motifs on the cell surface, an experiment was designed by partly
blocking the specific binding sites of Con A with mannose
solutions at different concentrations for 1 h. The resulting
solution was introduced to the cell containing microfluidic
microwell array. Because of the partly blocked mannose-specific
binding sites, the Con A conjugated to the mannosyl groups on
cell surface decreased, resulting in a relative lower fluorescence
intensity compared to that obtained without blocking (Figure
6A−C). Fitting each individual cell fluorescence response
yielded a histogram of the fluorescence distribution for the Con
A treated with mannose at different concentrations (Figure
6D). As can be seen in Figure 6D, with an increase of the
mannose concentration, the fluorescence intensity of the cells
decreased. It is noted that inhibition efficiency (Δ%) exhibited
a linear relation with mannose concentration (Figure 6E). The
inhibition efficiency obtained was calculated as follows: Δ% =
[1 − (Ib/I0)] × 100%, where Ib was the fluorescence intensity
value obtained with cells treated with Con A blocking with
mannose at different concentrations and I0 is that from cells
with Con A without blocking. With the mannose concentration
increase, the binding sites of the Con A decreased, thus the
fluorescence intensity of individual cell decreased. The
mannose concentration used was directly related to the
mannosyl group on the cell surface, which could be used to
evaluate the glycan expression at single cell levels.
The similar experiment was performed using the FC method

as a technique to measure the variation of the fluorescence
intensity of cells in response to the partial blocking. As shown
in Figure 6E, the similar linear relationship was also obtained
with less inhibition efficiency. The difference might be
attributed to two reasons. One was that the molecular delivery
in microfluidic system was faster than that in bulk solution,

Figure 5. Fluorescence micrograph of QDs-IgG immunofluorescence
for K562. (A) Large-area fluorescence microscopy imaging using a 4 ×
objective with 1.5 × magnification (1 s exposure). Cells were prefixed,
treated with Con A, and then stained with anti-Con A and QDs-IgG.
Scale bar, 500 μm. (B) The fluorescence image rotated 90° (white
dashed box in part A) taken with a 10× objective (0.25 s exposure).
Scale bar, 100 μm.

Figure 6. Fluorescence images of cells on a chip treated with Con A without blocking (A), Con A blocking with 1 mM mannose (B), and Con A
blocking with 3 mM mannose (C). The fluorescence images were taken with a 20× objective (0.25 s exposure). Scale bars, 100 μm. (D) A histogram
of the predicted average fluorescent intensity of single cell after blocking Con A with a different concentration of mannose or not. (E) Effect of the
amount of mannose used to block Con A on the decrease of fluorescence intensity was quantified by an array chip and a conventional flow
cytometer. Parallel samples were separately analyzed using either a conventional flow cytometer or microfluidic cell array.
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which means the Con A conjugated more efficiently with the
cell in the microfluidic system in a short time (10 min) than
that in the bulk system with a longer incubation time (30 min).
The other was that the Con A used in the microfluidic system
was wild type without any modification, while the Con A in the
FC was labeled with FITC. The steric hindrance due to the
fluorescence tag can cause different behaviors for Con A.47

The microfluidic device can be used to sample a greatly
reduced number of cells when compared with FC. The size of
cell sample was only 4 × 103 cells. It was noted that this indirect
IF staining strategy could be used to obtain more sensitive
profiles of glycans with low abundance than that with FITC or
QDs-labeled lectins, which was due to amplification of the
signal in indirect IF staining because more than one secondary
antibody can attach to each primary. Furthermore, we
suggested that our technology was likely to become a useful
assistant technique to conventional FC in situations where rare
cell samples needed to be analyzed or high-throughput single
cell information needed.
Evaluation of Glycan Expression on Cells in Response

to 2-DG. 2-DG can block glycolysis48−50 and interfere with
asparagine(N)-linked glycosylation of their coated proteins in
certain viruses,51−54 which can be utilized to monitor the
dynamic changes of glycans on the cell surface in response to
drugs. The effects of 2-DG exposure on pattern expression of
glycans on a cell surface were shown in Figure 7. Compared
with the untreated cells in Figure 6A, the fluorescence intensity
of the cells decreased after 2-DG treatment. The fluorescence
decrease reflected a lower amount of mannosyl residues on the
cell surface after 2-DG treatment (shown in Figure 7A,B).
Fitting each individual cell fluorescence response yielded a
histogram of the fluorescence distribution for the cell treated
with 2-DG (Figure 7C). The expression of the mannosyl
groups on K562 cells showed a decrease of 8.2% and 38.3% for

20 mM and 80 mM 2-DG treatment, respectively. It was noted
that the mannosyl groups on the cell surface decreased after the
drug treatment, and the decrease exhibited a dose dependent
manner. 2-DG was reported to interfere with N-linked
glycosylation, which decreased the glycoprotein in the
cells.51,55 However, the distribution of glycoprotein in the
membrane after the drug treatment was unknown. Our method
presented here provided a direct tool to characterize the glycan
residues on the cell surface, which was the final destination of
the glycan. The FC analysis of Con A-FITC binding to K562
with or without 2-DG treatment confirmed these findings
(Figure 7D).

■ CONCLUSIONS

A microfluidic device integrated with a microwell array has been
developed to profile the glycan expression on the cell surface in
a high-throughput manner by the IF staining protocol using
QDs as the probe. The QDs based indirect IF staining protocol
used here was more sensitive than that with the direct FITC or
QDs-labeled lectins because of the amplification of the signal in
indirect IF staining, which was more suitable for the analysis of
glycans with low abundance. Meanwhile, the microfluidic
device used allowed the analysis of low cell samples in a high-
throughput manner with the ease of operation. By integrating
the microfluidic technology, the nanotechnology based IF
staining protocol, and specific recognition between bimolecules,
high-quality IF images were obtained, in which single cell
behavior and the population information could be obtained
simultaneously. The strategy was used to evaluate the glycan
expression profile and the changes in the glycome under 2-DG
treatment effectively and information rich. The availability of
this QDs-based IF microfluidic platform provides a significant
tool to meet the even more challenging questions in the field of

Figure 7. Fluorescence images of cells treated with 20 mM (A) and 80 mM 2-DG (B). The fluorescence images were taken with a 20× objective
(0.25 s exposure). Scale bars, 100 μm. (C) A histogram of the predicted average fluorescent intensity of single cell with 2-DG treatment. (D)
Fluorescence profile of K562 cells treated with or without 2-DG treatment. K562 cells without treated (a), treated with 20 mM (b) or 80 mM (c) 2-
DG were cultured for 12 h, and the appearance of the surface fluorescence was monitored by FC using Con A-FITC.
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glycomics and to sensitively analyze glycan heterogeneity on
the cell surface.
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