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A novel microfluidic device has been developed for on-
chip transport, location, and quantal release monitoring
of single cells. The microfluidic device consists of a plate
of PDMS containing channels for introducing cells and
stimulants and a glass substrate into which a cell micro-
chamber was etched. The two tightly reversibly sealed
plates can be separated for respective cleaning, which
significantly extends the lifetime of the microchip that is
frequently clogged in cell analysis experiments. Using
hydraulic pressure, single cells were transported and
located on the microfluidc chip. After location of a single
PC12 cell on the microfluidic chip, the cell was stimulated
by nicotine that was also introduced through the micro-
channels, and the quantum release of dopamine from the
cell was amperometricly detected with our designed
carbon fiber microelectrode. The results have demon-
strated the convenience and efficiency of using the mi-
crofluidic chip for monitoring of quantal release from
single cells and have offered a facile method for the
analysis of single cells on microfluidic devices.

Research on biological cells has been deepening into a more
diminutive scale, from cellular clusters to single cells, even to
subcellular compartments. Due to the small size of single cells
(diam 7-200 µm, vol femtoliters to nanoliters), trace amounts of
sample (zeptomoles to femtomoles), complex components, and
millisecond scale of reaction time, single-cell analysis offers a
severe challenge for development of analytical instrumentation.
Since the first assay of a single neuron from Helix aspersa by
capillary liquid chromatography and capillary electrophoresis
(CE),1 CE combining detection techniques of electrochemistry,
laser-induced fluorescence, mass spectrometry etc.2 has been
widely employed for single-cell analysis. Recently, other advanced
analytical methods involving microfluidic chip,3 imaging analysis,4

and temporal and spatial dynamic monitoring with microeletrodes5

have also increasingly been developed and widely applied to single-
cell analysis.

Because of its unique advantages, such as rapid speed and
low cost, the microfluidic device has attracted significant attention
and also has displayed its great potential in the research of single-
cell analysis. The scale of microchannels in the microfluidic chip
is just fitted to the size of most cells, and the ability to decrease
both the consumption of analytes and the duration of analyses
allows high time-resolved single-cell analysis. Previous studies
have mainly focused on cell flow cytometry,6-8 sorting,9,10 fusion,11

and on-chip cell analysis involving cell lysis and consequent
intercellular reaction, for example, protein extraction,12 PCR
amplification,13 intracellular enzyme reaction,14 and intercellular
substance measurement in a cell cultured microchip.15 So far, only
a few studies have carried out the manipulation and analysis of
living cells on various functional microfluidic devices. Li and
Harrison16 first performed the manipulation and transport of
various cells, such as red blood cells, yeast cells, and E.coli,
throughout a channel network using electroosmotic and electro-
phoretic pumping, and demonstrated cell lysis process by SDS at
a T-junction on a silicon-based microfluidic chip. Yang et al.17 have
constructed a dam structure in a microfluidc chip for location and
alignment of cells. It allows the fragile cells to move in the
microfluidic channels and to be immobilized in controllable
numbers in the desired locations under fluid pressure. The
calcium uptake reaction of HL-60 cells was monitored after cell
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location on the chip. However, the previous reports have focused
their attention on the populations of cells, and there were few
studies reported for integration of manipulation and real-time
monitoring of single living cells on microfluidic devices until the
invention of a microfluidic network by Zare’s group.18 It enables
the capture of individual cells from the bulk cell and integrates
valves and pumps that allow the precise delivery of nanoliter
volumes of reagents to the selected cell. This network has dem-
onstrated great potential in manipulating and analyzing single cells
on microfludic chips; nevertheless, the construction of the network
demands many elaborately fabricating techniques. Taking into
consideration the reasons mentioned above, we have designed
and fabricated a simpler and feasible microfluidic chip for single-
cell analysis.

Monitoring of quantal release from single cells is important
for us to understand mechanisms of life activities. A number of
studies on monitoring of secretion from single cells have been
reported.19-24 In the traditional approaches, a culture dish is used.
A stimulant is introduced with a micropipet that must be
positioned very close (at micrometer level) to both the culture
dish and the target cell through a micropositioner. Therefore,
introduction of the stimulant and location of single cells are
inconvenient. In addition, introduced stimulant disperses and
stimulates other cells in the cell dish, which may disturb the
monitoring of the target cell. Thus, integrated devices on which
transport, location of single cells, and the introduction of stimulant
can be easily controlled are required to simplify the whole
monitoring process.

In this report, we have developed a novel microfluidic device
for transport, location, and quantal release monitoring of single
cells, where manipulation and monitoring of release of single cells
are integrated. Hydraulic pressure pumping was employed to
transport single cells. The hydraulic pressure pumping may avoid
the decrease of cell vitality and maintain the original state of cells.
A microchamber enables the location of a single cell. After the
transport and location of a single PC12 cell, nicotine was also
introduced through microchannels to stimulate the cell. Micro-
electrodes were used to monitor quantal release of dopamine from
the single PC12 cells.

EXPERIMENTAL SECTION
Chemicals and Cell Culture. All chemicals unless specified

were reagent grade and were used without further purification.
The balanced saline solution containing 105 mM KCl, 50 mM
NaCl, 2 mM CaCl2, 0.7 mM MgCl2, 1 mM NaH2PO4, and 10 mM
HEPES obtained from Sigma (St. Louis, MO) was adjusted to pH
7.4 and filtered through a 0.22-µm membrane filter before use.

Nicotine was obtained from Merck (Whitehouse Station, NJ) and
diluted to the desired concentration with the balanced saline
buffer. All solution was prepared with ultrapure water (18.2 MΩ
cm) that was triply distilled and purified on a Water Pro Plus
purification system. (Labconco Co., Kansas).

PC12 cells used in the experiments were obtained from the
Chinese Type Culture Collection (CCTC, Wuhan), and stored as
described previously22 in phenol red-free RPMI-1640 (Gibco,
Grand Island, NY) medium complemented with 10% heat-inac-
tivated horse serum, 5% fetal bovine serum (College of Biological
Science, Wuhan University), and 100-unit penicillin-streptomycin
solution (North China Pharmacy Co.) in a 7% CO2, 100% hu-
midity atmosphere at 37 °C. The cell medium was refreshed every
2 days.

Fabrication of Chip The designed microfluidic chip consists
of a poly(dimethylsiloxane) (PDMS) cover plate and a glass
substrate. The planar and 3-D diagrams are depicted in Figure
1A, B, and C. The method used to form channels on PDMS is
based on previously published procedures.25 Briefly, to form
masters for PDMS device construction, a silicon wafer was coated
with SU-8 positive photoresist. After baking, the coated wafer was
exposed to light through a chrome mask that contained the
channel features designed by AutoCAD (R12). The master was
then developed in dichlorodimethylsilane (DDSI), which facilitates
the separation of PDMS from the master. A 10:1 mixture of PDMS
oligomer and crossing-linking agent, which had been degassed
under vacuum, was poured onto the master. The PDMS was
removed from the mold to form a pattern of channels on the
PDMS after ∼1 h of curing at 80°C. All the microchannels on
PDMS were 40 µm width and 20 µm depth. Four holes with the
same size (diameter, 1.5 mm) were cut out on PDMS with a punch
(Figure 1B). When the PDMS plate was sealed with the glass
plate, four reservoirs were formed, serving as sample reservoir,
balance reservoir, stimulant reservoir, and cell reservoir, respec-
tively. A crucial part of the chip is the microchamber etched by
HF on the glass substrate for location and monitoring of single
cells. The size of a neuron is normally between 10 and 30 µm;
therefore, the microchamber was designed and fabricated with a
40-µm radius and 30-µm depth (Figure 1C). When the PDMS plate
is sealed with the glass substrate, the microchamber on the glass
must be connected open to the microchannel linking the cell
reservoir (Figure 1A) so that the single cell flowing toward the
cell reservoir can finally be introduced into the chamber.

Procedures. The glass substrate and PDMS plate were
ultrasonically rinsed in ethanol, heptane, and ethanol, respectively,
as previously reported,26 and both were dried under a stream of
N2 and then sealed using pressure under a microscope. When
the microchannels are clogged, the two layers can simply be
peeled off, cleaned, and sealed again after drying. The reversible
contact between the two pieces of PDMS and glass allows them
to be reusable.

Three methods for filling PDMS microfluidic devices involving
capillary action alone,27 direct application of a vacuum at a
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reservoir,28 and atmospheric pressure reduction29 have been
reported. In our experiment, the direct application of a vacuum
was attempted to fill the microfluidc chip. However, the strong
mechanical force caused by applying vacuum sometimes can
destroy the adhesion between the two reversibly sealed plates. A
more convenient method of ultrasonic vibrations for filling the
microchannels was first employed in our experiment. The microf-
luidic chip is immersed in the ultrasonic buffer solution for 5-10
min. The microchannels are finally filled with buffer solution
without bubbles while being observed under a microscope.

The sample reservoir and the cell reservoir serve as the
beginning and the end-point of cell transport, respectively. The
balance reservoir and the stimulant reservoir are employed for
maintaining balance of hydraulic pressure. A spot of cell suspen-
sion was loaded into the sample reservoir. The cell reservoir,
stimulant reservoir, and balance reservoir were injected with buffer
solution to ensure the stimulant reservoir and balance reservoir
just had the same liquid height as the sample reservoir, whereas
the liquid height of the cell reservoir was just 2 mm below that of
the sample reservoir. Hydraulic pressure pumping was produced
only between the sample reservoir and cell reservoir, and then
the cells were transported from the sample reservoir to the cell

reservoir and, finally, fell into the microchamber. The video images
of the cell transport process on the microfluidic chip were
recorded using a high-resolution digital camera (AxioCam, up to
3900× 3090 pixels, Zeiss, Germany).

The details of the fabrication of the carbon fiber microelecrodes
were described in our previous work.30 The carbon fiber (7 µm
in diameter, Goodfellow Co., Oxford, U.K.) was flame-fused sealed
in the glass capillary tip with an inner diameter of ∼20 µm. The
carbon fiber extending the capillary tip was cut to the desired
length (in this experiment, ∼100 to 300 µm) with a scalpel under
the microscope. Approximately all the microelectrodes fabricated
with this flame-fused sealed method display excellent electro-
chemical behavior. After the location of a single cell in the
microchamber, the microelectrode tip was positioned 1 µm from
the located cell by Transfer-Man NK2 micromanipulation (Ep-
pendorf, Germany) under an inverted microscope (Aviovert 200M,
Zeiss, Germany). The stimulant reservoir was then loaded with
nicotine solution. The other three reservoirs were injected with
buffer solution to ensure that the difference of liquid height was
generated only between the stimulant reservoir and the cell
reservoir. Under the liquid pressure, nicotine was pumped through
the microchannles from the stimulant reservoir to the cell
reservoir and then stimulated the cell in the microchamber. Real-
time exocytotic release of the single PC12 cells in the microcham-
ber was monitored with the microelectrode. The amperometric
monitoring was performed using a two-electrode setup at a
constant detection potential of 0.7 V and a CHI 660A electrochemi-
cal workstation (CH instruments, Shanghai, China) equipped with
a Pentium computer. A Ag/AgCl electrode was used as the
reference electrode. The whole apparatus was installed in the
grounded copper shield net to minimize the electrical noise. The
temperature of the heating platform of the microscope was set at
37°C. In every experiment, the chip was contaminated by
introduced nicotine, and thus, it needed to be dismantled, cleaned,
and sealed for the next cell experiment.

RESULTS AND DISCUSSION
Transport and Location of Single Cells. Electroosmotic and

hydraulic pressure pumping were both employed to transport the
single cells in our experiments. When high voltage was employed,
because of the relatively short length of the microchannels, the
suspension would migrate very quickly in the microchannels,
leading to the rapid migration of a stream of the single cells to
the microchamber. Thus, transport of a single cell was very
difficult to accomplish. Another considered factor is that the main-
tenance of vitality and original state of cells is of great importance
for secretion monitoring of living cells. The applied high voltage
between the microchannels may negatively affect the original state
and vitality of cells to some extent.17

Considering these disadvantages of electroosmotic pumping
for transport single living cells, the hydraulic pressure pumping
was accordingly employed in the following experiments. Transport
rate of cells can be regulated by the difference of liquid height
between the sample reservoir and the cell reservoir. By measuring
the time of cell transport from the sample reservoir to the
intersection and from the intersection to the cell reservoir(28) Effenhauser, C. S.; Bruin, G. J. M.; Paulus, A.; Ehrat, M. Anal. Chem. 1997,

69, 3451-3457.
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2001, 73, 1048-1052.

Figure 1. (A) Layout of the sealed microfluidic chip. Four reservoirs
(stimulant reservoir, sample reservoir, balance reservoir, and cell
reservoir) with the same size (diameter, 1.5 mm) on the PDMS plate.
All the microchannels (width, 40 µm; depth, 20 µm) were fabricated
on the PDMS plate. The small white circle shows the microchamber
(marked with arrow; radius, 40 µm; depth, 30 µm) etched on the glass
substrate. (B) 3-D diagram of the PDMS plate. (C) 3-D diagram of
the glass substrate.
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respectively, it was calculated that the cell was transported at an
average rate of 0.55 mm/s when the difference of liquid height
was controlled to 2 mm. In comparison with the effects of the
differences of liquid height on transport and location of single
cells, it indicated that when the difference of liquid height was
controlled to below 2 mm, single cells could be transported in
certain intervals and a single cell finally fall into the microchamber
to be located. Worth mentioning is that the density of cells in the
original suspension sample should be not higher than 104/mL,
because the high dispersion of cells in the sample reservoir
facilitates the transport of single cells. However, too low a
hydraulic pressure, as when the difference of liquid height was
below 0.5 mm, may cause serious adhesion of cells on the
microchannels, which inhibited the transport of cells.16,17 Accord-
ing to the experimental results, it was found that the optimal
difference of liquid height for transport of single cells was be-
tween 0.5 and 2 mm. Once the first cell was observed to flow
through the microchannels and finally drop into the microcham-
ber, the liquid height of the cell reservoir was promptly lifted to
the same height as that of the sample reservoir. As a result, the
transport of other following cells in the microchannels discontin-
ued in 1 s, just at the sudden disappearance of the hydraulic
pressure. Transport of a single cell through the microchannels
of intersection on the microfluidic chip was imaged with a high-
resolution digital camera under the inverted microscope (Figure

2A-D). The location of the single cell in the microchamber is
shown in Figure 3A.

Monitoring of Dopamine Release from Single Cells. Exo-
cytosis is an important behavior through which cells participate
in the regulation and control of life activities, so monitoring of
transient exocytosis of single cells has great significance. With
analogical features of brain synaptic vesicles at the aspects of size,
density, protein composition, and endocytotic origin,31 the PC12
cell is considered to be a model of a neuron for further study on
exocytosis at the synaptic junction. Catecholamines (DA and NE)
are considered to be the electrochemically active neurotransmit-
ters present in PC12 cell culture.32 Ewing et al.22 identified the
released compound from PC12 cells as dopamine using electro-
chemical detection with microelectrodes. We have also detected
a peak of dopamine in a single PC12 cell using capillary electro-
phoresis/electrochemical detection using carbon fiber electrodes
(7-µm i.d.) fabricated by us.33 In a conventional experiment of
monitoring of dopamine release from PC12 cells, cells were
cultured in cell dishes, and stimulant was introduced by micropi-
pets. Our microfluidic chip enables transport and location of single

(31) Clift-O’Grady, L.; Linstedt, A. D.; Lowe, A. W.; Grote, E.; Kelly, R. B. J. Cell
Biol. 1990, 110, 1693-1703.
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385.

Figure 2. Photomicrographs showing PC12 cell transport at the intersection on the microfluidic chip. The photos were taken at 5-s intervals.
The single cell (marked with red arrows) was flowing directly toward the cell reservoir at the intersection of the microchannel (A, B, C, D).
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cells, and facilitates the introduction of stimulant to the target cell.
Under the liquid pressure between the cell reservoir and the
stimulant reservoir, nicotine was pumped through the micro-
channles toward the microchamber. Amperometric detection was
used to provide quantitative information of the release of neu-
rotransmitters. The arrangement of the microelectrode and the
located single cell is depicted in Figure 3B.

Transport rate of nicotine can be controlled by the difference
of liquid height. Transport rate will decide the total amount (mass)
of nicotine that flows into the microchamber and then stimulates
the cell. Because 50 mM of nicotine was added to the stimulant
reservoir and the difference of the liquid height between the cell
reservoir and the stimulant reservoir was controlled to 3 mm, only
a high spike of currents was detected, as shown in Figure 4A.
The complete lysis of the single cell in the microchamber was
immediately observed under the microscope. Therefore, the
difference of the liquid height between the cell reservoir and the
stimulant reservoir was set at 1 mm in the following experiment.

Figure 4B and C shows two typical quantal releases of a PC12
cell. Figure 4B is the result of a single PC12 cell stimulated by 50
mM nicotine. Before 50 mM nicotine arrived at the cell, it was
dramatically diluted by the saline solution in the microchannels.
Nicotine continuously arrived at the microchamber and stimulated

the cell and gradually reached a steady state. Once nicotine was
added to the stimulant reservoir, the real-time exocytotic release
of the stimulated single PC12 cell in the microchamber was
monitored with the microelectrode. The nearly 100-s process of
current transients of spikes was observed to correspond to the
continuous release of dopamine from the PC12 cell. A series of
spikes represents the typical quantal release of dopamine from
the single PC12 cell.34 After the 100 s, there was still a slight pulse
of background resulting from the continuous flow of nicotine,
whereas no current transient of spikes was observed, because
dopamine in the ready-to-release vesicles was depleted with the
100-s continuous stimulation. Figure 4C displays the result of

(34) Chen, T. K.; Luo, G.; Ewing, A. G. Anal. Chem. 1994, 66, 3031-3035.

Figure 3. (A) Photomicrograph showing (marked with arrows) final
location of a single PC12 cell in the microchamber. (B) The diagram
of the arrangement of the microelectrode and the located single cell.
To the left of the PC12 cell is the nicotine stimulant induced from the
microchannel, A carbon fiber microelectrode (r ) 7 µm) was
positioned 1 µm above the cell. Intracellular secretory vesicles are
depicted in various states of the exocytotic release process.

Figure 4. Diagrams of dopamine release from PC12 cell stimulated
with nicotine. (A) Signal results from the cell lysis, with 50 mM nicotine
introduced through the microchannel under 3-mm difference of the
liquid height. (B) Quantal release of dopamine from PC12 cell
stimulated with 50 mM nicotine introduced through the microchannel
under 1-mm difference of the liquid height. (C) Quantal release of
dopamine from PC12 cell stimulated with 5 mM nicotine introduced
through the microchannel under 1-mm difference of the liquid height.
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another PC12 cell stimulated by 5 mM nicotine. At 165 s, nicotine
was injected into the stimulant reservoir. The figure shows low
noise because the original concentration of nicotine was com-
paratively low and nicotine was further diluted when it was flowing
through micochannels. As compared to the results in Figure 4B,
it is interesting that the value of the current transients of spikes
is not obviously changed; however, the frequency of vesicular
exocytosis was decreased, indicating that the low concentration
of nicotine may cause release of fewer vesicles in the single cell.

CONCLUSION
A novel designed and easily fabricated microfluidic device has

been first developed for on-chip transport, location, and quantal
release monitoring of single cells. It has been demonstrated as a
convenient and feasible method for transport, location, and
monitoring of single cells. Compared with monitoring of single
cells and introduction of stimulants in a cell dish, the ability to

integrate efficient manipulation of single cells, convenient intro-
duction of stimulants, and observation of the whole process of
monitoring of single cells on a microfluidic chip is a significant
advantage for single-cell analysis. In addition, a new feasible
method has been developed for filling the microfluidic device. This
microfluidic device offers a convenient platform to research on
pathological, physiological phenomena, etc., in single living cells.
We believe it will have further application soon.
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