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Abstract

Chemical stimulus-induced neurotransmitter release from neuronal cells is well documented. 

However, the dynamic changes in neurochemical release remain to be fully explored. In this work, 

a three-layered microfluidic chip was fabricated and evaluated for studying the dynamics of 

neurotransmitter release from PC-12 cells. The chip features integration of a nanoliter sized 

chamber for cell perfusion, pneumatic pressure valves for fluidic control, a microfluidic channel 

for electrophoretic separation, and a nanoelectrospray emitter for ionization in MS detection. 

Deploying this platform, a microchip electrophoresismass spectrometric method (MCE-MS) was 

developed to simultaneously quantify important neurotransmitters, including dopamine (DA), 

serotonin (5-HT), aspartic acid (Asp), and glutamic acid (Glu) without need for labeling or 

enrichment. Monitoring neurotransmitter release from PC-12 cells exposed to KCl (or alcohol) 

revealed that all the four neurotransmitters investigated were released. Two release patterns were 

observed, one for the two monoamine neurotransmitters (i.e. DA and 5-HT), and another for the 

two amino acid neurotransmitters. Release dynamics for the two monoamine neurotransmitters 

was significantly different. The cells released DA most quickly and heavily in response to the 

stimulation. After exposure to the chemical stimulus for 4 min, DA level in the perfusate from the 

cells was 86% lower than that at the beginning. Very interestingly, the cells started to release 5-HT 

in large quantities when they stopped releasing DA. These results suggest that DA and 5-HT are 

packaged into different vesicle pools and they are mobilized differently in response to chemical 

stimuli. The microfluidic platform proposed is proven useful for monitoring cellular release in 

biological studies.
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1. Introduction

Neurotransmitters are involved in a variety of physiological processes, including memory, 

learning, and response to diseases.1 Exocytotic release of neurotransmitters into the 

extracellular environment is one of the defining mechanisms of intercellular 

communication.2,3 When an appropriate chemical signal is received, a nerve cell may 

release neurotransmitters. Therefore, understanding the fundamental characteristics and 

dynamic behavior of neurotransmitter release from cells is highly significant.4 Study of 

nerve cell signaling release can be a challenge because only a fraction of the mass-limited 

neurotransmitter content within a cell is released upon stimulation, i.e. the sample amounts 

can be so small that hard to be detected.5 A considerable attention has been given to analysis 

of neurotransmitters released from cells.6 Analytical methods based on cell imaging,7,8 

fluorescence9 and electrochemical10 techniques were developed. Electrochemical sensors 

implanted into the brain provide chemical information from a specific location, and are 

especially useful for in vivo monitoring of neurotransmitter release.11 Scan cyclic 

voltammetry can be used to monitor changes in release and uptake rates in real time.12 Mass 

spectrometry (MS) is a powerful tool for cell release assay due to its high selectivity and 

ability to perform label-free detection.13 Electrospray ionization mass spectrometry (ESI-

MS) was previously applied to neurotransmitter release study.14,15 ESI-MS analysis of 

neurotransmitter release offers another major advantage, i.e. by using multiple reaction 

monitoring (MRM) detection mode multiple targeted molecules can be detected at the same 

time.16

Microfluidic devices have unique advantages when applied in bioassays, including ultrafast 

separation,17 automation18,19 and functional integration.20,21 They have been used in 

studying nerve cell release.22–24 Because the channel scale in a microfluidic chip is fitted to 

the size of most cells, effective time-resolved analysis of cell release can be achieved. With 

the technical advancement in microvalving and chemical gradients, these devices become 
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enabling platforms for investigating cellular environments and for identifying key signaling 

molecules. Microchip electrophoresis (MCE), a miniaturized version of capillary 

electrophoresis, is a powerful separation technique with many advantages of microfluidic 

devices. Coupling MCE with electrospray ionization mass spectrometry (MCE-MS) has 

been receiving increasing research attention.25–27

The aim of this work was to develop a microfluidic platform with in-chip MCE-MS 

analytical capability for studying neurochemical release from neuronal systems. A three 

layered microfluidic chip was designed and fabricated to integrate the needed experimental 

operations, including cell injection /loading, cell nano-perfusion, MCE separation of the 

perfusate, and nano-electrospay ionization for MS detection of the separated neurochemicals 

into one platform. Test conditions and computerized automation of all the procedural 

operations were investigated. With the proposed microfluidic platform a large number of 

data were collected from studying PC-12 neuronal cells under stimulation of stimuli such as 

KCl and alcohol. Pheochromocytoma-derived PC-12 cell line is a well-established in vitro 
model for studies of regulated secretion in neuronal cells.28 Release of four major 

neurotransmitters from the cells, i.e. dopamine (DA), serotonin (5-HT), aspartic acid (Asp) 

and glutamic acid (Glu) was quantified for stimulation duration of 10 min to elucidate the 

release dynamics.

2. Experimental

2.1. Reagents and materials

5-HT, DA, Glu, and Asp were purchased from Sigma-Aldrich (St. Louis, MO). 

Polydimethylsiloxane (PDMS) pre-polymer kit (Sylgard 184) was purchased from Dow 

Corning (Midland, MI). The fused silica capillaries (254 um ID, 360 um OD) were obtained 

from Polymicro Technologies (Tucson, AZ). Glass slides were obtained from Silicon Valley 

Microelectronics (Santa Clara, CA). Negative photoresist SU-8 2010 and developer were 

obtained from MicroChem Corp. (Newtown, MA). Hexamethyldisilazane (HMDS) was 

purchased from Ultra Pure Solutions (Castroville, CA). Two types of PBS were used in the 

experiments. Type one of PBS (PBS1) contained 0.14M NaCl, 2.08mM KCl, 9.25mM 

Na2HPO4, and 1.76 mM KH2PO4. Type two of PBS (PBS2) contained 0.14M NaCl, 35mM 

(or 15mM) KCl, 3.25mM Na2HPO4, and 1.76mM KH2PO4. PBS1 was used to dilute and 

wash cells, and PBS2 was used to stimulate the PC-12 cells. The pH of all those solutions 

was adjusted to 7.4 by using 1M NaOH. Milli-Q water was used throughout the work. All 

solutions were filtered through a nylon 0.22 μm syringe filter before use unless otherwise 

described.

2.2. Cell culture and cellular sample pretreatment

Rat PC-12 cells were cultured in complete RPMI-1640 media supplemented with 10% heat 

inactivated horse serum, 5% fetal bovine serum(FBS) and 1% penicillin streptomycin 

solution in a 5% CO2,100% humidity atmosphere at 37°C. The cells were routinely sub-

cultured every 4–5 days. The monolayers of single PC-12 cells gradually organized 

themselves into clusters in which cells retained their individual round shape indicative of a 

non–differentiated phenotype. The medium was replaced every 2 days throughout the 
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lifetime for all cultures. The density of cells was maintained at 5×105 cells mL−1 using a 

hemocytometer under an inverted microscope. The cell viability was determined using 

0.25% trypan blue. For a stimulation test, 250μL of cell suspension was diluted to 1.5mL 

with PBS1, centrifuged for 1000 rpm for 3 minutes and repeat this operation for three times. 

To attain clarify transparent cells, cell shape and the status of the reunion was observed 

under a microscope. Sample was diluted step by step to make the cell density 104 cells /mL 

prior to MCE-MS analysis.

2.3. Fabrication of microchip

Design of the microfluidic chip is shown in Figure 1A. The microchip is composed of a 

glass base and a two layered PDMS substrate bearing the channels. The first layer contains 

cell transport channel, separation channel and the electrical spray emitter channel. The 

second layer bears pneumatic pressure valve channel, which prevents the cell suspension 

sample from flowing into stimulation chamber so as to interfere with the tests. The method 

used to create channels in PDMS substrate was described previously.29 Briefly, to create 

masters for PDMS substrate construction, HMDS was transferred onto a silicon wafer with a 

pipette. The wafer was pinned at 2000 rpm till complete dryness. The wafer was then coated 

with SU-8 2010 negative photoresist using a spin coater operating at 2500 rpm for 80s. After 

a pre-exposure bake at 65°C for 30 min, the coated wafer was exposed to a near-UV light 

source (UVA-10, Ultra. Lum, Claremont, CA) through a negative chrome mask that 

contained the desired channel features. Following a post exposure bake at 95 °C for 10 min, 

the wafer was developed with SU-8 developer. PDMS monopolymer solution prepared by 

mixing the PDMS prepolymer and curing agent in a 10:1 ratio, which had been degassed 

under vacuum, was poured onto the master at 1800rpm for 50s (~100μm final thickness). 

After kept at 50 °C for about 2 hours, the PDMS was removed from the mold to form a 

pattern of negatively relieved channels in the PDMS sheet (~100μm thick) and ESI spray 

membrane at the top channel. A thin glass tip (~100μm thick) was ground with gravel in 

glass base (1 mm thick). A gold electrode for nano-electrospray operation was fabricated on 

the glass base using a 108 auto sputter coater (Ted Pella, Inc.) under a vacuum pressure of 

50 mTorr. The resultant electrode was about 50 nm thick and 100 μm wide. Holes as with 

the same size (diameter is 2mm) were cut out on PDMS with a punch. It was then treated in 

an air plasma cleaner (PDC-32G, Harrick Plasma, Ithaca, NY) for 5 min (10.5 W and 

500mTorr). Tailored pipet tips were attached to each of the holes, forming reservoirs in the 

microchip. Pressure valve channels were connected to an in-house built pneumatic solenoid 

valve system that was controlled by a computer.

2.4. Pretreatment of microfluidic channels

Microfluidic channels were treated with a mixture of H2O/HCl/H2O2 at a volume ratio of 

5:1:1 for 5min. After purging the channels with deionized (DI) water and drying with N2, 

the hydrophilic silanol-covered PDMS surfaces were obtained.30 Prior to each experiment, 

all channels were treated with 0.5% hydrogen peroxide by vacuum suction for 5 minutes, 

then washed with deionized water, 0.1 M hydrochloric acid and 0.1 M NaOH for 3 minutes, 

5 minutes and 3 minutes, respectively. The channels were then dried by applying vacuum to 

waste sample reservoir for two minutes. The chip was flushed with fresh buffer for 3 
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minutes. The liquid reservoir voltage were tested to obtain stable electrical spray, further 

experiments were then be conducted.

2.5. MCE-MS analysis

The system consisted of an ion trap mass spectrometer with an ESI source (LCQ Deca, 

ThermoFinnigan, San Jose, CA) and one Hamilton syringe (Hamilton, Las Vegas, NV), 

which was used for delivering make-up fluid to the nanoelectrospray source. Xcalibur 

software (ThermoFinnigan) was used to control the system. The nanoelectrospray 

performance of the monolithic emitter was evaluated at different flow rates and electrospray 

potentials.31 The operating conditions were optimized in positive mode as follows: ion 

source voltage, 0V; a relative collision energy of 20–30% was used for MS/MS experiments 

with an isolation width of 1.0 u. and the activation time of 30ms. MS detector was operated 

in selected-reaction monitoring mode (SRM) for precursor-to-product ion transitions: m/z 

154➔137 (DA), m/z 177➔160 (5-HT), m/z 148➔130 (Glu), and m/z 134➔115 (Asp). 

Electrospray potential was applied by a multi-channel high voltage power supply (Shandong 

Normal University, Jinan, China) which supplied voltages for cell injection, perfusion, and 

MCE separation. Figure 1B shows a photographic picture of the experimental set-up.

2.6. Monitoring neurotransmitter release

Prior to experiment, the microchip was mounted on the X–Y translational stage and so 

positioned that the nanoESI emitter tip was about ~1.0 mm away from the MS orifice. Pt-

electrodes were placed into the corresponding reservoirs, as shown in Fig. 1B. Reservoirs B, 

SW and EB were filled with 100μL electrophoresis buffers, a sample vial with 100μL cell 

suspensions (5 × 105 cells /mL), and reservoir KCl with KCl solution. A voltage of 100V 

was applied at the sample vial to inject cells into the nano-perfusion chamber for 25s (under 

these conditions 8–15 cells were loaded up in the chamber). After loading up cells, the 

pneumatic microvalve was activated by supplying N2 gas at 15 psi to the pneumatic channel 

that could be deformed under pressure to pinch off liquid flow in the cell injection 

microchannel. A flow of KCl solution was generated passing through the chamber by 

applying 150V at reservoir KCl for 10s. At the end of cell perfusion, a set of electric 

potentials were applied as follows: reservoir KCl at 150V, SW floating, EB at 0 V for 2s to 

inject a sample plug of the cell perfusate into the separation channel, and then an MCE-MS 

separation was immediately carried out by applying 3050 V at EB, and 1500 V at MUF for 

58s. At the end of MCE-MS separation, another round of perfusate injection (2s) and MCE-

MS separation (58s) automatically started in sequence till a pre-set number of rounds was 

achieved.

2.7. Determination of cell viability

To study whether the electric field and stimulating solutions containing K+ or alcohol used 

affect the cell viability, a standard staining method was adapted by using trypan blue. To 

stain with trypan blue, suitable volumes of 0.4% trypan blue solution were added directly to 

three samples (i.e., the original cell suspension after trypsinization (without the electrical 

field), the cells sampled in cell sampling step and the cells loaded in cells loading and 

stimulating step), respectively. The original cell suspension after trypsinization was used as 
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the control. All the cells were stained for 5 min at room temperature. The survival rate and 

cell viability were determined under a microscope.

2.8. Safety considerations

All high voltage connections were carefully shielded and Instrument and electrically 

conductive parts were grounded to protect from exposure. Standard safety protocols were 

feasible when handling solvents and samples.

3. Results and discussion

3.1. Design and fabrication of the microfluidic chip

The microfluidic chip was constructed by three layers: the glass base, PDMS substrate 

bearing microfluidic channels, and the pneumatic pressure valve PDMS layer by using 

PDMS-based multilayer soft lithography.33,34 Its photographic image is shown in Figure 1B. 

The PDMS substrate was made very thin to ensure a proper function of the pneumatic 

pressure valve. To create a small-volume chamber for cell perfusion, a polymer frit was 

prepared by means of UV light induced polymerization of glycidyl methaxrylate and 

trimethylolpropane trimethacrylate near the intersection of the cell introduction channel and 

the separation channel following a procedure described previously32 (the cell nano-perfusion 

chamber in the microchip is illustrated by the inset of Fig. 1A). Before preparing the frit, the 

microchannel was chemically treated with HCl /H2O2 to make the PDMS channel wall be 

covered by silanol groups,30 which enhanced the bonding between channel walls and the frit 

formed from glycidyl methaxrylate and trimethylolpropane trimethacrylate. This increased 

the durability of the frit in the microchip. The microfluidic platform proposed herein has 

several significant advantages. Firstly, monitoring of neurotransmitter release from cells can 

be done under stimulations with different parameters, and these parameters can be changed 

readily. Secondly, the analytical process is fully automated so that a large data set can be 

readily acquired during the monitoring. Thirdly, due to the utilization of the makeup fluid 

technique, nanoESI-MS detection can be started at any desired time easily and stability of 

the electrospray can be maintained for a long run time, facilitating the detection of chemicals 

in cell perfusate. The basic operations in a neurotransmitter release study by using the 

proposed microfluidic chip is schematically described in details by Fig. 1C: (1) loading up 

the chemical stimulus by applying +150V at MgCl2 (or KCl) reservoir, and 0V at SW for 10 

s; (2) cell perfusion (stimulation) by applying +150V at B reservoir and 0V at SW for 20 s; 

(3) injection of cell perfusate by applying +150V at KCl reservoir and 0V at EB for 2 s; and 

(4) MCEMC analysis of the perfusate by applying +3050V at B reservoir, and 1500V at G 

reservoir for 58 s. Steps 3 and 4 were repeated 10 times. These operations were fully 

automated by switching voltages among these electrodes in a computerized manner.

3.2. Performance evaluation of the MCE-nanoESI-MS platform

A mixture of 4 neurotransmitters, including DA, 5-HT, Asp and Glu were analyzed. Under 

the selected conditions, the four neurotransmitters were separated into three peaks, i.e. DA 

and 5-HT were co-eluted. However, since MS detector is structure specific, the four 

compounds can be quantified simultaneously. MS2 spectra of (a) 5-HT, (b) Asp, (c) Glu, and 

(d) DA are showed in Figure 2. Transitions m/z 154→130, m/z177→122, m/z 134 → 88 
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and m/z 148 → 102 were used for quantification of DA, 5-HT, Asp and Glu, respectively. 

Table 1 summarizes the analytic parameters of the MCE-MS/MS analysis. The detection 

limits (S/N =3) were estimated to be 42 nM for DA, 49 nM for 5-HT, 38 nM for Asp, and 32 

nM for Glu. Assay repeatability was determined by repeatedly analyzing four standard 

mixtures of DA, 5-HT, Asp and Glu (0.5 and 5.0 μM each, respectively) for six times. 

Relative standard deviations (RSD) were 5.2%, 4.7, 4.3% and 4.6% for DA, 5-HT, Asp and 

Glu at 5.0 μM, respectively. Reproducibility of the migration times (RSD, n=6) was <2.5% 

in all cases. To further evaluate the system, perfusate samples from cell perfusion with 0.7% 

ethanol were analyzed. To load up cells into the nano-perfusion chamber, voltages were 

applied at cell suspension reservoir (+100V) and SW (0V). It was confirmed by analyzing 

the solution flowing out of the chamber during cell load up that at this low voltage, cell 

integrity was maintained, and no neurotransmitter release was elicited. After perfusion of the 

cells with the chemical stimulus solution, all cells in the chamber were continuously 

exposed to it. In each MCE-MS analysis a little portion of the perfusate was assayed to 

quantify neurotransmitters. In this stimulation test of 10 min the perfusate was analyzed 9 

times by MCE-MS. The TIC and extracted electropherograms obtained are shown in Figure 

3. The neurotransmitters, i.e. DA, 5 – HT, Asp, and Glu can be quantified from the peak 

heights. As can be seen, the electrophoretic peaks are very narrow, indicating high 

separation efficiency and assay sensitivity. Theoretical plate numbers (N=16 (tR/wb)2) were 

estimated to be >7500 for all the neurotransmitters tested. Based on the peak heights levels 

of neurotransmitters varied with exposure time in different patterns, which showed that the 

cells were alive and responded to the chemical stimulation during the process. These results 

indicate that the proposed MCE-MS platform is well suited for studying neurotransmitter 

release from cells. It should pointed out that since the data acquisition sampling rate was 

limited by the MS instrument used in this work the separation efficiency may be 

compromised, and quantification based on peak heights might be affected. Therefore, 

replicate measurements for each stimulation test were performed in order to obtain valid 

trends of neurotransmitter levels versus exposure time.

3.3. Study of neurochemical release caused by chemical stimuli

Potassium chloride (KCl) is well known as a chemical stimulant to neuronal cells. An 

elevated extracellular K+ level causes cells to depolarize that leads to the subsequent opening 

of Ca2+ channels in cell membrane, triggering exocytosis. PC-12 neuronal cells are widely 

used as a cellular model for studying exocytotic release caused by chemical stimuli. These 

cells synthesize catecholamine such as dopamine, and they store, release, and take up 

neurotransmitters. Four neurotransmitters, i.e. DA, 5-HT, Asp, and Glu were studied in this 

work. Previous studies have shown that DA is widely implicated in a variety of neuronal 

functions such as evaluation of environmental stimuli and neurological conditions (e.g. 

Parkinson’s disease). 5-HT is a close molecular relative of dopamine and well known as a 

mood regulator. Glutamate and aspartate are excitatory amino acids in the mammalian brain. 

Fast transmission mediated by these neurotransmitters is responsible for synaptic excitation 

of brain neurons.35 To monitor neurotransmitter release from PC-12 neuronal cells caused 

by K+ depolarization, cells were injected into the nano-perfusion chamber and then perfused 

with a 35 mM KCl solution. For each group of cells loaded, 10 consecutive analyses of the 

perfusate were performed at a time interval of 1 min. Levels of DA, 5-HT, Asp, and Glu in 
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the perfusate were simultaneously quantified, and their trends versus time are shown in 

Figure 4. From these results, all the four neurotransmitters investigated are released from 

PC-12 cells in response to KCl depolarization with two different release patterns: one for the 

two monoamine neurotransmitters (i.e. DA and 5-HT) and another for the two amino acid 

neurotransmitters (i.e. Glu and Asp). However, the release dynamics is different for the two 

monoamines. In the first min of stimulation, PC-12 cells release DA, Asp and Glu. 5-HT 

level in the perfusate is relatively low. After 3 min release of DA is diminished while release 

of Asp and Glu remains nearly constant till 8 min. At 4 min of exposure time, DA level in 

the perfusate from the cells was 86% lower than that at the beginning. Very interestingly, the 

cells start to release 5-HT in large quantities at this time point. It’s well documented that 

release of neurotransmitters is mediated by calcium-dependent exocytosis of synaptic 

vesicles.35–36 Synaptic vesicles are uniform organelles of ∼40 nm diameter that are filled 

with neurotransmitters. The results from the present study suggest that the two monoamine 

neurotransmitters, DA and 5-HT, are packaged into different vesicle pools as they are not 

released at the same time by vesicle exocytosis. In response to KCl stimulation, these vesicle 

pools are mobilized differently,37 which causes DA be released before 5-HT. Although 

monitoring DA release from PC-12 cells has been reported previously,38–41 to our 

knowledge simultaneous monitoring of both DA and 5-HT and the release dynamic 

difference are reported here for the first time.

To confirm that the neurotransmitter release observed was due to chemical stimulation 

instead of electroporation or lysis of cells, the cells were perfused with an MgCl2 solution 

prior to KCl stimulation. Extracellular Mg2+ ions block the NMDA receptor-associated ion 

channel, and thus prevent calcium influx.35,40 By comparing the levels of neurotransmitters 

in the perfusate obtained from tests with or without pre-perfusion with MgCl2 (Fig. 4), 

extracellular levels of all neurotransmitters decrease significantly after MgCl2 treatment at 

all time points during the monitoring. In addition, as the concentration of MgCl2 increases 

from 15 mM to 35 mM, the levels decrease further, showing a dose dependent property. 

These results firmly indicate that PC-12 cells release DA, 5-HT, Asp, and Glu in response to 

KCl depolarization and the release is inhibited by MgCl2.

Ethanol (alcohol) interacts with multiple neurotransmitter systems, including dopaminergic 

and serotonergic transmission.43,44 Study has shown that chronic alcohol exposure results in 

an increase in NMDA receptor number and function.45 In this work, we investigated the 

effects of alcohol on cellular release of DA, 5-HT, Asp, and Glu from PC-12 cells. Two 

ethanol solutions (0.1% and 0.7% v/v) were tested. The study showed that an acute exposure 

to ethanol caused PC-12 cells to release DA, 5-HT, Asp, and Glu. Further, the amounts of 

neurotransmitters released from the cells were proportional to ethanol concentration. Figure 

5 shows the extracellular levels of these neurotransmitters versus time of exposure to 0.7% 

ethanol (v/v). It is worth noting that the release dynamics is very similar to that of the release 

caused by KCl depolarization, suggesting these chemical stimuli may cause neurochemical 

release from PC-12 cells by the same mechanism. It should be mentioned that although only 

four neurotransmitters are included in this study, other compounds of interest can also be 

studied by using the present method.
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4. Conclusion

A three layered microfluidic chip has been developed as a lab on chip for monitoring 

neurochemical release from neuronal cells. Cell loading, nano-perfusion of the cells with a 

stimulus or inhibitor solution, and chemical analysis of the perfusate by microchip 

electrophoresis with mass spectrometric detection (MCE-MS) are integrated into the same 

platform and fully automated. The proposed microfluidic platform enabled simultaneous 

monitoring of multiple neurochemicals from cellular release with specificity and sensitivity. 

Studying of chemical stimulus-induced release from PC-12 cells revealed that the cells 

released dopamine (DA), serotonin (5-HT), aspartic acid (Asp), and glutamic acid (Glu) in 

response to KCl or ethanol stimulation. To our knowledge, this is the first time to investigate 

release of these four important neurotransmitters from the same cellular sample and in a 

parallel manner. The results from the present study indicate that the release pattern for 

monoamine neurotransmitters (i.e. DA and 5-HT) is different from that for amino acid 

neurotransmitters (i.e. Glu and Asp). Further, the release dynamics is significantly different 

for the two monoamine neurotransmitters tested, suggesting they are packaged into different 

vesicle pools that are mobilized differently in response to chemical stimuli.
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Figure 1. 
(A) A schematic diagram of the proposed microfluidic platform (separation channel is 3.5cm 

long × 60μm wide × 25 μm deep). The nano-liter sized chamber for cell perfusion is shown 

in the inset; (B) a photographic image of the set-up for studying neurochemical release from 

neuronal cells. G is the nano-electrospray gold electrode. Other components are labeled and 

indicated with an arrow); (C) A schematic diagram showing the procedural operations after 

cells are loaded into the nano-perfusion chamber: 1) loading an inhibitor (MgCl2) solution; 

2) perfusing the cells with the inhibitor solution; 3) perfusing the cells with the stimulus 

solution; and 4) MCE-MS analysis of the perfusate.
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Figure 2. 
MS2 spectra of (A) dopamine (DA), (B) serotonin (5-HT), (C) Asp, and (D) Glu, verifying 

the MCE peak identifications.
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Figure 3. 
Typical electrophoregrams obtained from 10 MCE-MS analyses of the cellular perfusate 

with an enlarged electropherogram from one analysis shown in the inset. The PC12 cells 

were perfused with 0.7% (v/v) alcohol. DA, 5-HT, Asp and Glu in the perfusate were 

quantified by MCE-MS with a sampling rate of once per min. MCE conditions: MCE 

separation channel, 3.5cm long × 60 μm wide × 25 μm deep; separation voltage and 

electrospray voltage, +3050 V and +1500 V, respectively; MCE running buffer, 15mM 

ammonium acetate /acetic acid buffer at pH 5.1 /methanol (1:1) and contain 0.1% (w/v) 

triton-100; MUF, the MCE running buffer at a flow rate of 100nL/min.
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Figure 4. 
Release profiles of the four neurotransmitters from PC-12 cells caused by KCl stimulation 

with or without MgCl2 pre-perfusion for inhibition. Data shown are mean ± SD (n=3).
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Figure 5. 
Neurochemical release profiles from PC-12 cells caused by 0.7% (v/v) ethanol acute 

stimulation. Data shown are mean ± SD (n=3).
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