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Abstract 

To investigate rapid suspension cell signaling, a microfluidic platform was urgently needed 

for flexibly manipulation of single cells and simultaneous generation of controllable chemical 

signals to stimulate single cells. In this paper, a microfluidic biosensor was developed to monitor 

intracellular calcium signal, integrated with single-cell trapping, chemical stimulation and 

releasing. Selective entrapment and discharge of individual cell were achieved by controlling the 

deformable membrane with pneumatic traps. The activation of intracellular calcium signal was 

qualitatively and quantitatively investigated by high-controllable chemical single-cell stimulation 

based on flexible hydrodynamic gating. And performing chemical stimulation and control assay in 

the same channel would improve the experimental robustness and effectiveness. Further 

investigation of the cellular responses to ATP pulses of varying concentrations and durations 

indicated that 20 μM ATP pulses with duration as short as 200 ms resulted in the same level of 

Ca
2+

 response induced by sustained stimulations. Washing with buffer for 30 s was sufficient for 

single cell to recover from receptor desensitization caused by ATP stimulation. In addition, the 

responses of cells to ATP stimulation were heterogeneous. The developed microfluidic method 

opens up a new avenue for intracellular signaling studies and drug screening. 
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1. Introduction 

Many critical cellular decisions, such as apoptosis, cell cycle checkpoints, and cytoskeletal 

reorganization are very sensitive to temporal and spatial dynamics of extracellular 

microenvironments [1]. Some environmental factors involved in these cellular decisions include 

chemical signals, such as cytokines, nutrients, growth factors, and hormones, biological signals 

originating from cell-contact processes, and physical signals, including mechanical (shear stress, 

cytoskeletal tension, stretch-activated ion channels), electrical (voltage-gated ion channels, 

gal-vanotaxis), and thermal (temperature-sensitive ion channels, biochemical kinetics) factors [2]. 

Currently, localized environmental stimulations are widely used to study receptor-mediated 

intracellular calcium signaling [3-10]. Compare with mechanical and electrical stimulations, 

chemical stimulations provide a more physiological input to cells [11]. However, the generation of 

fast-changing and accurate chemical stimulation to cells is still an enormous challenge using 

traditional methods based on micro-perfusion. 

The emerging microfabrication and microfluidics technology are now allowed to improve the 

precision and reliability of controlling environmental variables for single-cell analysis. These 

technological platforms combining systems analysis of signaling pathways are expected to guide 

an improved quantitative description of the function of individual cells [12-16]. For example, Lu 

group has been committed to investigate cellular signals by using dynamic stimulation profiles 

based on microfluidic chips [17-20]. Previously, several microfluidic devices were proposed for 

on-chip monitoring intracellular calcium signal with high temporal and spatial resolution in our 



group [21-23]. However, the focal point in these research was all aim to adherent cells, lacking the 

ability to manipulate suspension cells. For a long time, time-lapse functional imaging of 

suspension cells was technically challenging, because of the movement of target cells during 

stimulation and imaging. In response to an increasing demand for cell positioning, various 

microfluidic techniques, such as optical tweezers methods [24], micropipettes methods [25], 

microwell-based platforms [26,27], dielectrophoresis-based systems [28-30] and 

hydrodynamic-based systems [31-36], have been developed to capture cells, retain them in a 

specific location. Among them, microwells and hydrodynamic-based microfluidic platforms using 

the passive capturing mechanism could realize precise cell position and dynamical stimulation. 

However, these platforms were often difficult to capture targeted cells selectively and further 

release the trapped cells. In contrast, other platforms based on the positive capturing mechanism 

(optical tweezers, micropipettes, dielectrophoresis) were harmful to the cells and difficult to 

dynamically chemically stimulate the cells during the manipulation of cell positioning. 

Combining the superiority of flexible cell manipulation and dynamically cell stimulation, a 

novel semi-automated microfluidic cell-based biosensor was proposed to monitor intracellular 

calcium signal. The micro-device was composed of fluid channels, pneumatic valves relied on 

deformable membrane, and control channels. The pneumatic valves were used for trapping of 

single cells and timely release of the trapped cell. The custom-designed LabView™ program was 

used to manipulate the platform for multiple single-cell analysis. Selective chemical stimulation to 

the trapped single-cell was achieved by a hydrodynamic gating technique for inducing the 

intracellular signals. For proof of principle, intracellular calcium signal of suspended cells under 

dynamic stimulation of ATP was qualitatively and quantitatively investigated by using this 

micro-device.  

 

2. Material and methods 

2.1.  Chemicals and reagents 

Chemicals such as NaCl, KCl, CaCl2, MgCl2, HCl, NaOH, fluorescein, and D-glucose were 

purchased from Sinopharm Chemical Reagent (Shanghai, China). Adenosine 5’- triphosphate 

disodium salt (ATPNa2), 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), penicillin, 

streptomycin，and dimethyl sulfoxide (DMSO) were purchased from Sigma-Aldrich (St. Louis, 

MO). Tyrode’s solution containing 137 mmolL
−1

 NaCl, 5.4 mmolL
−1

 KCl, 1.0 mmolL
−1

 MgCl2, 

1.3 mmolL
−1

 CaCl2, 10 mmolL
−1

 D-glucose, and 10 mmolL
−1

 HEPES (pH adjusted to 7.2 using 

NaOH) as the buffer solution. Fluorescein was prepared in the buffer solution at a final 

concentration of 2×10
−6 

molL
−1

. Fluo-3/AM (Biotium, Hayward, CA) stock solution (2.0 mmolL
−1

) 

in DMSO was diluted in buffer solutions at a final concentration of 10 μmolL
−1

. ATPNa2 was 

dissolved in the buffer solution at a final concentration of 10 μmolL
−1

 as the agonist. All reagents 

were of analytical grade unless noted otherwise. All solutions were prepared with water purified 

by the Direct-Q system (Millipore, Bedford, MA) and filtered with 0.22 μm sterilized syringe 

filters prior to use. 

Instrumentation. 

A custom-built pressure control system was based on the published protocol [21, 37], which 

contained a microfluidic chip, four independent E/P transducers, a solenoid valve and a 



LabView™-based signal control module. The pressures of the fluid were precisely controlled by 

four independent E/P transducers (T-1001, Bellofram, USA). The E/P transducer could reduce a 

supply pressures (compressed nitrogen cylinder) to a regulated output pressure directly 

proportional to a three-wire voltage input with 0.1% accuracy. The pneumatic traps were 

controlled by the off-chip solenoid valve (VDW250-5G-2-01, SMC, Japan). All the operated E/P 

transducers and solenoid valve were controlled by a PCI controller card (NI6703, National 

Instruments, Austin, TX) and a custom-designed LabView™ program.  

Experiments were performed on an inverted fluorescence microscope (IX71, Olympus, Japan) 

with a CCD camera (Evolve 512, photometrics, USA) for image acquisition. Excitation beam 

from a mercury lamp was first filtered by a 460- to 490-nm band-pass excitation filter, reflected 

off a 505-nm dichroic mirror and then focused on the microchannel by a 60×objective (NA 0.7) 

or a 40× objective (NA 0.6). Fluorescent signals were collected through the same objective, 

filtered using a 510-nm high-pass filter and finally monitored by a CCD camera. Finally, acquired 

images were further analyzed using image pro plus 6.0, and origin 7.5. 

 

2.2.  Micro-device fabrication 

The microfluidic device was fabricated by a rapid prototyping method [38] and based on the 

well-established “PDMS flow-control layer” technique [39,40]. Microfluidic channels were 

designed by a CAD program (AutoCAD 2014, Autodesk, USA) and printed on a transparent film 

as photomasks (3000 dpi film, Shanghai). The micro-device was assembled with three layers: a 

fluid layer, a middle PDMS membrane and a control layer (Fig. 1). The fluid layer had a 

crossed-channel architecture, and typical channels were 250 µm wide and 20 µm high. The 

pneumatic traps in the PDMS membrane were used for the entrapment of individual cells, which 

were 50 µm high. The control layer was 30 µm high. SU-8™ (GM1070, Gersteltec Sarl, 

Switzerland) mold was fabricated on 3-inch silicon wafers using standard soft-lithography 

technique. The PDMS, made from a mixture of base oligomers and curing agent in a mass ratio of 

10:1, were fabricated by molding the SU-8 structure. Specially, the middle thin PDMS membrane 

was fabricated by spin-coating PDMS prepolymer on a silicon wafer at 700 rpm for 60 s followed 

by incubation at 95 °C for 1 h. Then, the PDMS sheet was cut and peeled off from the mold. The 

two layers and the thin membrane were treated with oxygen plasma treatment for 2 min 

(PDC-GC-M, Weike Spectrum, China), aligned and brought together to form an irreversible seal. 

 

2.3.  Cell culture and preparation 

NIH-3T3 and HeLa cells were purchased from the American Type Culture Collection (ATCC, 

Manassas, VA). The cells were maintained by passaging twice weekly with Dubelcco’s Modified 

Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 µg/mL penicillin, 

and 100 µg/mL streptomycin. Cells were maintained in a 37 °C incubator with 5% 

CO2-humidified air atmosphere and passaged every 2 or 3 days. For loading, adherent cells were 

detached from 100 mm diameter culture dishes with 2 mL trypsin EDTA (0.25%, Gibco, Carlsbad, 

CA). An equal amount of DMEM + FBS was then added to deactivate remaining trypsin. Cells 

were then centrifuged to a pellet and resuspended in phosphate buffered saline pH 7.4 (PBS, 

Gibco, Carlsbad, CA). Cultures were maintained between 1.0× 10
5
 and 1.0 × 10

7
 cells/ml. Serial 



dilutions were performed with supplemented DMEM.  

 

2.4.  Procedure of microchip operation 

Before cell loading, the microchip was treated with oxygen plasma, added with 75 % ethanol 

and incubated in a clean bench at room temperature for 30 min. The microchannel was then 

washed with buffer solution and cell culture media, sequentially. Fig. 2 shows a schematic 

illustration of the procedure for operating the microchip. The inlet was loaded with 100 µl 

NIH-3T3 cells (1×10
6
/mL) while the outlet was kept empty. Cells were introduced into the 

microfluidic channel with the hydrostatic pressures. Positive pressure was then applied to deform 

the membrane, so the suspension cells were trapped. Renewing the media in the inlet to wash 

redundant cells. Then, chemical stimulation was achieved by microfluidic gated flow. Finally, 

switching the pneumatic trap to close, meanwhile, the cells were released. This micro-device was 

recyclable, and could perform cell stimulation experiment multiple times. Add PBS to the inlet to 

wash the microchip, then the cell stimulation experiment could be conducted again. 

 

2.5.  Calcium imaging 

Cells trapped by microvalves were washed gently with tyrode’s solution and then incubated 

with 10 μM fluo-3/AM at 37 °C for 30 min via gravity-driven perfusion. Then, tyrode’s solution 

was loaded into the fluid channels to replace Fluo-3/AM. The microchannels and reservoirs were 

filled with tyrode’s solutions at 37 °C for 10 min. Once gated-flow solution of agonist was 

pumped into the fluid channel for stimulating cells locally, fluorescent images were captured by a 

CCD (Evolve 512, Photometrics, USA) at 200 ms interval with an exposure time of 200 ms.  

 

3. Results and discussion 

3.1.  Characterization of the membrane deformation 

We employed a push-up PDMS membrane to capture single cell. PDMS membrane is 

flexible and readily deforms into a curvature, leading to decreased distance between the bottom of 

fluid channel and PDMS membrane. When the distance decreases to a smaller size than individual 

cells, cell entrapment by pneumatic micro-valves could be performed. 

To investigate the membrane deformation under different pressures, fluorescein (0.1 mg ml
-1

) 

was injected into the microfluidic device. When the gas pressure was increased, fluorescein 

solution was pushed out from the middle channel by the deformed membrane so that the 

fluorescence intensity was decreased at pneumatic micro-valves. Therefore, the membrane 

deformation could be reflected by the intensity of fluorescein in the middle channel. As shown in 

Fig. 3, the fluorescence intensity under 0.4 MPa and 0.5 MPa were similar, indicating the 

pneumatic micro-valves had been saturated when the pressure reach 0.4 MPa. 

 

3.2.  Trapping individual cells by membrane deformation 

The procedure for trapping individual cells was as follows: while the pneumatic micro-valves 



were closed, 50 µL of cells (1×10
5
 mL

-1
) were loaded into inlet 1, inlet 2, inlet 3, and the outlet 

was kept empty. Cells were allowed to flow into the downstream channels. Then, the pneumatic 

micro-valves were actuated, the push-up PDMS membrane was moderately deformed by applying 

0.4 MPa pressure in the control layer. The height of the flow channel decreased at the compressive 

area. The cell would be captured by the compressive valve traps once flowing through this area 

(Fig. 4). When left valve or right valve was open respectively, only one cell could be trapped in 

the compressive valve traps. When left valve and right valve were open simultaneously, three 

individual cells could be trapped in the compressive valve traps. This resulted from the design of 

the particular trapping structures in the PDMS membrane. Two middle cross-shaped fences could 

make up a new single-cell capture structure when two set of micro-valves were simultaneously 

actuated. After chemical stimulation and recording of trapped single-cell, two micro-valves were 

close simultaneously, three single cells could be released. For multiple single-cell analysis, 

positive pressure was again applied to deform the membrane of micro-valves for trapping another 

single suspended cells. 

 

3.3.  Evaluation of single-cell stimulation 

The flow visualization experiments were first applied to validate the feasibility of the 

pinched-flow microchip, which could provide guidance for further investigation of ATP 

stimulation. Because of the similarity between the diffusion constant of fluorescein (500 μm
2
 s

-1
) 

and ATP (360 μm
2
 s

-1
), we used 1×10

-7
 mol L

-1 
fluorescein solution to visualize the flow patterns 

and to reveal the relationship between the pressure distribution and the position of the 

pinched-flow. 

According to the published protocol, the change of pressures at inlet 1and inlet 2 can change 

the proportion of stimuli solution in the cell trapping channel [24]. In our experiments, the 

pressure at inlet 1 was fixed at a constant value. The pressure at inlet 2 was varied to change the 

laminar flow interface for single-cell stimulation by switching the gating states between 

stimulation OFF and stimulation ON. Figure 5 illustrated the fluorescence distribution across the 

cell trapping channel at ∼250 μm downstream of the intersection under different pressures. As the 

pressure at inlet 2 changed from 1.0 to 1.8 kPa, the width of fluorescein flow (defined as a 

distance from the microchannel wall to where fluorescence intensity drops to 10 % of the 

maximum value) decreased linearly (R
2
=0.999, Fig. 5c). Furthermore, we calculated that the mean 

lateral diffusion distance (defined as a distance over which the fluorescence intensity of 

fluorescein flow drops from 90% to 10% of the maximum value) of the stimulation solution was 

limited to ∼10 μm. 

 

3.4.  Calcium signals in single suspended cells 

NIH-3T3 cells expressing endogenous ATP receptors were employed as the sensing element. 

According to the results of flow visualization experiment, we further applied the pinched-flow to 

stimulate the single NIH-3T3 cells with ATP solution. Fluo-3 was used as the intracellular calcium 

indicator for investigating the developed single-cell biosensor.  

    Since the shear stress may induce calcium transients in endothelial cells, we evaluated the 

effect of shear stress on [Ca
2+

]i by exposing the cells to pulses of buffer solutions. As a result, the 



[Ca
2+

]i remained constant, suggesting that the abrupt change of shear stress did not account for 

calcium spikes during hydrodynamic gated sample injection in our proposed micro-device (Fig. 

7a). 

Previous literature showed that NIH-3T3 cells respond to ATP at the concentrations from 1 to 

100 μM in a dose-dependent manner [41]. Here, after trapping three single cells, ATP solution of 

10 μM was pinched to stimulate the target cell for 5 s with 2 min intervals for studying 

ATP-induced intracellular Ca
2+

 spike in single cells. According to the position of target cell 1 in 

the channel (Fig. 6a) and the profile of pinched-flow (Fig. 5), the pressure at inlet 2 was chosen as 

1.3 kPa to stimulate only cell 1. With localized stimulation of ATP for 5 s, cell 1 showed a quick 

increase of [Ca
2+

]i, un-stimulated cell 2 and cell 3 had no change of [Ca
2+

]i (Fig. 6d). For the 

stimulation of cell 1 and 2, the pressure at inlet 2 was chosen as 1.5 kPa. With localized 

stimulation of ATP for 5 s, cell 1 and cell 2 showed a quick increase of [Ca
2+

]i, cell 3 had no 

change of [Ca
2+

]i (Fig. 6b and e). When the pressure at inlet 2 was 1.7 kPa, cell 2 and cell 3 both 

showed a quick increase of [Ca
2+

]i with , cell 1 showed a slow increase of [Ca
2+

]i. After stimulation 

of ATP solution, the amplitude of calcium spikes decreased gradually due to receptor 

desensitization (Fig. 6c and f). These results suggested that this micro-device could achieve the 

chemical stimulation of single suspended cells by the pinched-flow. In addition, the chemical 

stimulation and control experiments could be performed simultaneously in the same channel, 

which significantly improved the robustness and effectiveness of the assay.  

 

3.5.  Calcium signals under multiple stimulations 

Thus, we further investigated intracellular calcium signals in individual cells under multiple 

stimulations with different conditions. Pulses of 20 μM ATP were first used to repetitively 

simulate the trapped single-cell as chemical environment factor. When 20 μM ATP of 200 ms 

duration were introduced with 30 s intervals, the amplitude of calcium spikes of single NIH-3T3 

cell maintained at a similar level (Fig. 7b). The results suggested that the 30 s interval was 

sufficient for NIH-3T3 cells to recover from the ATP-receptors desensitization induced by 200 ms 

stimulations.  

To further investigate the cellular responses to ATP pulses with different durations from 

millisecond to second in this platform, 20 μM pulses of ATP with increasing durations of 200 ms, 

1 s, 4 s, 8 s and 10 s were applied to the same single cell. Fig. 7c showed that the amplitude of 

Ca
2+ 

spike increased gradually as the duration increased from 200 ms to 4 s. The amplitude of Ca
2+ 

spike with durations of 8 s, 10 s obviously decreased. In addition, the decay time of Ca
2+ 

spike 

(defined as a time for [Ca
2+

]i decline) increased gradually with the increasing duration from 200 

ms to 10 s. 

To test the sensitivity of the single suspended cell to ATP in this microfluidic platform, 200 

ms pulses of ATP with increasing concentrations of 1 μM, 10 μM, 100 μM and 1 mM were 

injected to stimulate cells. Significant increases of [Ca
2+

]i in response to 1 μM ATP were observed 

(Fig. 7d), indicating a high sensitivity of this micro-device as single-cell based biosensor for 

detecting ATP. And the amplitude of Ca
2+ 

spike maintained at a similar level in response to 10 μM, 

100 μM and 1 mM ATP. 

 

4. Conclusions 



The microfluidic biosensor was developed to monitor intracellular calcium signal, integrated 

with cell trapping, chemical stimulation and cell releasing. Capturing and liberating individual cell 

was achieved by controlling the PDMS membrane with gas valves. In contrast to unalterable 

trapping structures, pneumatic traps could be switched between open and close status under the 

control of a computer, which make the micro-device for multiple single-cell analysis based on 

chemical stimulation and cell recording. Intracellular calcium signal was activated by 

high-controllable chemical stimulation based on the gated pinched-flow. Performing single-cell 

chemical stimulation and control assay simultaneously in the same channel significantly improved 

the experimental robustness and effectiveness. The micro-device was used to qualitatively and 

quantitatively investigate the single-cell intracellular calcium responses to ATP pulses with 

different durations from millisecond to second and different concentrations. In addition, other 

functionalities, including high-throughput management of single cell and chemical stimulation by 

microfluidic hydrodynamic gated as well as the exchange of reagents, can be readily integrated in 

one microfluidic chip for real-time investigating Ca
2+

 signaling in the future. This developed 

microfluidic method opens a new avenue for intracellular signaling studies and drug screening. 
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Figure 1. Platform illustrations. (a) Schematic diagram of the microfluidic chip. A deformable 

PDMS membrane (red) was sandwiched between a fluid layer (green) and a control layer (blue). 

(b) Micrograph of the micro-device. The scale bar is 200 µm. (c) Schematic diagram of the 

sub-unit for cell trapping containing the micro-valves, the fluid channel and the control channel. (d) 

The assembly of the micro-device based on “PDMS flow-control layer” technique. (e) Graphic 

representation of cell trapping with micro-valves controlled by hydraulic pressure. 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

Figure 2. Trap-and-release mechanism and experimental setup. (a) While the pneumatic valves 

were closed, cells were loaded. (b) The pneumatic valves were actuated, so cells were captured. (c) 

Buffer was used to washed away residual cells. (d, e) Stimulation of the cells by using chemical 

reagent. (f) The micro-valves were closed, and cells were wash away. Then the micro-device could 

be recycled.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

Figure 3. Fluorescence intensities reflected the degree of the membrane deformation. (a) The 

PDMS membrane was covered by the fluid channel (bright field). The fluorescence intensity 

change was recorded along the blue dash line. (b)-(f) The fluorescence of fluorescein in the fluid 

channel from 0.1 to 0.5 MPa, respectively. (g) The change of fluorescence intensity with pressure, 

ranging from 0.1 to 0.5 MPa. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

Figure 4. Micrographs of the entrapment of individual 3T3 cells in the fluid channel. After loaded 

fluo-3, 3T3 cells were introduced into the microfluidic channel. One single cell could be trapped 

when only the left (a, b) or right (c, d) micro-valve was on, respectively; Three individual cells 

could be trapped when the two micro-valves (e, f) were on, simultaneously. 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

Figure 5. visualization experiments. (a) Visualization experimental diagram of different injecting 

factor. (b) The fluorescence distribution across the channel ∼250 μm downstream of the 

intersection at different pressures. (c) The quantitative analysis of fluorescence distribution across 

the channel at different pressures. Error bar indicated standard deviation of three experiments, 

R
2
=0.999. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 
 

Figure 6. Single cellular chemical stimulation by microfluidic gated flow. (a-c) Intracellular 

calcium signals under localized ATP stimulation to cell 1, 2, 3 by gated flow at different pressures. 

(d-f) Time course of the fluorescence intensity of fluo-3 loaded NIH-3T3 cells in (a-c). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

Figure 7. Evaluation of the micro-device with different chemical stimulations. (a) Typical 

intracellular Ca
2+

 responses to the pulses of buffer solutions. (b) Typical intracellular Ca
2+

 

responses to repetitive pulses of 20 μM ATP with 200 ms duration and 30 s intervals. (c) Typical 

intracellular Ca
2+

 responses to 20 μM ATP pulses of 200 ms, 1 s, 4 s, 8 s and 10 s with 30 s 

intervals, successively. (d) Typical intracellular Ca
2+

 responses to 200 ms pulses of 1 μM, 10 μM, 

100 μM, 1 mM ATP, successively. Three color represent three different single cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Highlights 

 

► We presented a semi-automated microchip for single-cell intracellular signals 

analysis. 

► A controllable pneumatic trap was used to trap and discharge suspended cell with 

single-cell precision. 

► The chemical stimulation to cell was achieved by flexible hydrodynamic gating, 

with highly temporal and spatial resolution. 

 

 




