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Resolving the temporal dynamics of cell signaling pathways is essential for regulating numerous downstream functions, 

from gene expression to cellular responses. Mapping these signaling pathways requires the exposure of cells to time-

varying chemical signals; these are difficult to generate and control over a wide temporal range. Herein, we present an 

acoustofluidic chemical signal generator based on sharp-edge-based micromixing strategy. The device, simply by 

modulating the driving signals of acoustic transducer including the ON/OFF switching frequency, actuation time and duty 

cycle, is capable of generating both single-pulse and periodic chemical signals that are temporally controllable in terms of 

stimulation period, stimulation duration and duty cycle. We also demonstrate the device’s applicability and versatility for 

cell signaling studies by probing the calcium (Ca
2+

) release dynamics for three different types of cells stimulated by 

ionomycin signals of different shapes. Upon a short, single-pulse of ionomycin stimulation (~100 ms) generated by our 

device, we discover that cells tend to dynamically adjust the intracellular level of Ca
2+

 through constantly releasing and 

accepting Ca
2+

, respectively, to the cytoplasm and from the extracellular environment. With advantages such as simple 

fabrication and operation, compact device design, and reliability and versatility, our device will enable decoding of the 

temporal characteristics of signaling dynamics for various physiological processes.   

Introduction 

Cell signaling pathways act as signal processors that 

dynamically convert input signals – chemical cues from 

surrounding environments – to appropriate output 

responses.
1–3

 Signaling dynamics are linked to specific 

activations of downstream signaling molecules that trigger 

cellular responses.
4–6

 Time-varying chemical signals have been 

found to significantly influence on whole cell level and are 

physiologically relevant;
7–11

 such signals can be used to resolve 

temporal dynamics of signaling pathways and therefore, probe 

cellular responses. Delivering time-varying chemical signals to 

which cells respond can help researchers determine the 

dynamic properties of specific signaling pathways, and also 

help to elucidate specific downstream transcriptional 

responses.    

        To probe a signaling pathway’s response to different 

chemical cues, biologists conventionally switch between media 

and stimulants with pipettes, which is a time-consuming 

procedure and demands trained personnel. As a result, the 

temporal resolution of chemical cues provided by the 

conventional setup is very limited. Microfluidics, due to its 

capability of handling tiny sample volumes, simplicity in setup, 

and amenability to automation, has recently emerged as a 

promising tool to generate time-varying chemical cues for 

studying signaling dynamics.
12–15

 Various microfluidic chemical 

signal generators have been developed based on different 

mechanisms, including interface shifting of laminar flow,
16–20

   

alternating flow pumping,
21–25

 pneumatic-valve control,
26–32

 

flow photolysis,
33–35

 diffusion through microgrooves
36

 and 

micro/nanoporous membranes,
37,38

 and microflow injection.
39

 

Of these developments, interface shifting and alternating 

pumping are the most common methods; however, they have 

limited temporal resolution, require external components such 

as solenoid or pneumatic valves, and necessitate precise 

control over inlet and outlet pressure drops. To improve 

temporal resolution, oscillating microbubble-based mixing
40,41

 

was recently proposed to generate temporally-controllable 

chemical waveforms, based on the rapid mixing of buffer and 

stimulant. While this approach does provide an improvement 

in temporal resolution, it is unstable in terms of the size 

changes of the bubbles over time and inherent size-dependent 

operation.
41–46

 This instability makes the microbubbles-based 

approach less attractive to be implemented for resolving 

signaling dynamics where long-term cell-culture/monitoring 

are necessary; therefore, the applicability and versatility is 

limited. Though focused-travelling surface acoustic waves 

could partially mix two solutions to rapidly generate 

concentration gradients, their ability to completely mix two 

solutions and obtain a uniform concentration profile across the 
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channel’s width – a requirement that ensures that all the cells 

in the channel can experience the same chemical signals – has 

yet to be proven.         

        Here, we present an acoustofluidics (i.e., the fusion of 

acoustics and microfluidics)
48–57

 chemical signal generator 

based on the rapid mixing of buffer and stimulant which is 

enabled by acoustic streaming. This acoustofluidic chemical 

signal generator is built upon a sharp-edge-based
58–66

 

micromixer, which allows rapid, homogeneous mixing of fluids 

with a mixing time less than 100 ms. With this mixing strategy, 

we can generate chemical signals that are temporally 

controllable over stimulation period, duration, and duty cycle. 

We also demonstrate the applicability and versatility of our 

device by monitoring the intracellular calcium (Ca
2+

) release 

dynamics of cells in response to the ionomycin stimulus 

generated from our device. The implementation of an active 

mixing strategy to synthesize time-varying chemical signals and 

to temporally adjust microchemical environments for cells 

presents a technical innovation. We remove the need for time-

consuming processes and trained-personnel that are required 

in conventional setups,
5,6

 and remove the need for 

sophisticated pneumatic-valve control and precise pressure-

drop control employed in other existing microfluidic cell-

stimulation devices.
24,25,28

 Owing to its short mixing time, on-

demand control, simplicity, and stability, our sharp-edge-based 

acoustofluidic chemical signal generator is an easy-to-use and 

efficient tool for cell signaling studies where determining 

temporal characteristics of signaling pathways is critical to 

unveil downstream responses in gene expression and 

regulation.    

Device design and concept 

Fig. 1A schematically shows the design and working concept of 

our acoustofluidic chemical signal generator. The device 

consists of a single-layer polydimethylsiloxane (PDMS) 

microfluidic channel constructed with two pairs of sharp-edge 

structures on the sidewalls and an acoustic transducer. Each of 

the sharp-edge structures is 300 µm apart from the adjacent 

structure and identical in dimensions: 600 µm in length with a 

tip angle of 15°. Phosphate buffered saline (PBS; 1X-PBS, Life 

Technology, USA) and PBS containing fluorescein 

isothiocyanate-dextran (FITC-Dextran, 1 mg/mL, MW = 10 kDa, 

Sigma-Aldrich, USA), which are modelled as the medium and 

stimulant, respectively, are simultaneously infused into the 

channel through two separate inlets. The fluorescence 

intensity shown in Fig. 1 is normalized to that of 100 % FITC-

Dextran. Two regions of interest (ROI), ROI 1 and ROI 2, are set 

up and positioned 1 mm after the last sharp-edge structure, 

such that we can avoid both the flow fluctuation when 

switching the transducer ON and OFF, and also the shear stress 

developed by the acoustic streaming. 

        Our sharp-edge-based acoustofluidic chemical signal 

generator is operated by controlling an acoustic transducer. 

While the transducer is switched OFF, PBS and FITC-dextran 

form a side-by-side laminar flow (Fig. 1B, top), leading to two 

flat fluorescence intensity curves of different intensities, 1 for 

ROI 1 and 0 for ROI 2 (not shown here). Upon switching the 

transducer ON, the sharp-edge structures acoustically 

oscillate, perturbing the surrounding flow and therefore, 

generating acoustic streaming around the tip of each sharp-

edge structure. The generated acoustic streaming then greatly 

enhances the mass transport of the two solutions to rapidly 

and efficiently mix the two solutions (Fig. 1B, bottom). This 

complete mixing yields a flat fluorescence intensity curve at 

0.5 for both ROI 1 and ROI 2. Because our mixing strategy is of 

active, on-demand mixing, if we further switch the transducer 

ON and OFF periodically at a given switching frequency 

(fswitching = 0.25 Hz for Fig. 1C), we can generate a periodic 

fluorescence intensity profile in both ROI 1 and ROI 2. In other 

words, by alternating the mixing ON and OFF, we can produce 

chemical signals that are temporally controllable in terms of 

stimulation period, stimulation duration, and duty cycle. It is 

important to note that because our sharp-edge-based 

acoustofluidic micromixing can completely mix fluids in less 

than 100 ms, in this work the stimulation duration is defined 

and referred to as the “activation time” of the transducer.   

Materials and methods 

Device fabrication 

Our device was of a single-layer configuration and was simply 

prepared using standard photolithography, deep ion etching 

(DRIE), and PDMS replica molding. First, a single-side polished 

silicon wafer was patterned by standard photolithography and 

then anisotropically etched to have a channel height of 100 µm 

 
Figure 1. (A) Schematic showing the top view of the sharp-edge-based 

acoustofluidic chemical signal generator. Two regions of interest (ROI), ROI 

1 and ROI 2, are set up and positioned about 1 mm after the last sharp-

edge structure. (B) Fluorescent images showing unmixed, laminar flow of 

PBS and FITC-dextran (Top) when the transducer is switched OFF, and 

completely mixed fluid (Bottom) when the transducer is switched ON. Scale 

bar: 500 µm. (C) Periodic fluorescence intensity profiles generated in the 

region of interest by periodically switching the transducer ON and OFF at a 

switching frequency of 0.25 Hz.  
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by DRIE, forming a silicon master mold. The surface of the 

silicon master mold was coated with silane vapor using 

1H,1H,2H,2H-perfluorooctyl-trichlorosilane (Sigma-Aldrich, MO, 

USA) for 1 hour. After silane coating, a 10:1 mixture of PDMS-

Sylgard 184 Silicone Elastomer Base and Sylgard 184 Curing 

Agent (Dow Corning, MI, USA) was prepared and placed under 

vacuum to remove air bubbles, then was poured onto the 

silicon master mold and baked at 65 °C for 1 hour to form 

PDMS channels. Upon completely curing, the PDMS channel 

was punched with two inlets and one outlet. Its surface and a 

glass slide (Cat. no. 48404-454, VWR) were treated with 

oxygen plasma (BD-10AS, Electro-Technic Products, IL, USA) for 

60 seconds and 10 seconds, respectively. Following plasma 

treatment, they were bonded together and then baked at 65 

°C for 24 hours. The last step was to bond the acoustic 

transducer (Model no. 273-073, RadioShack, TX, USA) beside 

the PDMS channel onto the glass slide using epoxy (84101, 

Permatex, CT, USA).   

Experimental setup and operation 

The device was mounted on the stage of an inverted 

microscope (TE2000-U, Nikon, Japan) and all the experiments 

were conducted on the microscope. Additionally, the 

microscope was equipped with a cell incubation system 

(Chamlide TC, Live Cell Instrument, South Korea), which was 

employed for on-chip cell culture in a humidified environment 

at 37 °C with a CO2 level of 5%. Each solution was injected with 

separate 1 mL syringes (BD Bioscience, NJ, USA), and the 

injection was administered by an automated syringe pump 

(neMESYS, Germany). 

        The control of the acoustic transducer, including ON/OFF 

switching, driving frequency and voltage, and actuation time 

and frequency, was realized with a function generator 

(AFG3011C, Tektronix, OR, USA) and an amplifier (25A250A, 

Amplifier Research, PA, USA). Since our acoustofluidic 

chemical signal generator works by actuating an acoustic 

transducer, we experimentally determine a proper driving 

frequency for the transducer by sweeping frequencies with a 

100 Hz increment from 1 kHz to 50 kHz. The chosen driving 

frequency was 4.5 kHz, at which the sharp-edge structures 

generated the strongest acoustic streaming effect to rapidly 

and completely mix two fluids. In addition, the driving voltage 

of the transducer was set to 20 VPP, at which the generated 

acoustic streaming was strong enough to mix the two fluids at 

a total flow rate of 4 µL min
-1

 in the channel. As a result, the 

driving frequency of 4.5 kHz and the driving voltage of 20 VPP 

were used in all the experiments. 

Cell preparation 

Human dermal microvascular endothelial cells (HMVEC-d, 

ATCC, VA, USA) were the main cell type to be stimulated in our 

device. To validate the ability of our devices to stimulate 

different cell types, we also examined HeLa (ATCC, VA, USA), a 

human cell line derived from cervical cancer, and U-251, a 

human glioblastoma cell line. HMVEC-d, HeLa, and U-251 cells 

were grown, respectively, in EndoGRO-LS complete media 

(Millipore, MA, USA), DMEM/F12 (Gibco, Life Technologies, 

MA, USA) and MEM (Gibco, Life Technologies, MA, USA) at 37 

°C and a CO2 level of 5 % in a CO2 incubator (Nu-4750, NuAire, 

MN, USA). Once the cells were grown to 80–90% confluency, 

they were harvested with trypsin-EDTA-0.05% (Gibco, Life 

Technologies, NY, USA) and re-suspended in fresh culture 

media at desired cell concentrations, followed by on-chip cell 

culture for experimentation.    

On-chip cell culture, staining and stimulation 

To ensure our device could generate chemical signals that 

could be encoded by cells, we performed cell stimulation 

experiments where HMVEC-d, HeLa, and U-251 cells were 

stimulated by ionomycin stimulation delivered by our device. 

These three types of cells were separately cultured, stained, 

and stimulated on-chip inside the channel of our device in 

their respective experiments. The channel’s surface was first 

treated with fibronectin-coating (100 µg/mL; Cat. No. 356008, 

BD Biosciences, NJ, USA) for 1 hour. Afterwards, the channels 

were rinsed with PBS several times to remove residual, un-

bonded fibronectin. Following the fibronectin coating, 

suspended HMVEC-d, HeLa, and U-251 cells (1 x 10
6
 cells mL

-1
) 

were injected into the channel through the outlet, ensuring 

that the cells could evenly disperse across the channel. The 

cells were then allowed for 60 minutes to spread and adhere 

to the bottom of the channel. To visualize and quantitatively 

characterize the calcium release behavior of the cells, Fluo-4 

AM dye (Cat. no. F14201, ThermoFisher Scientific, MA USA; 

here called “Fluo-4 AM”), a cell-permeant fluorescent calcium 

indicator, was used to measure intracellular calcium 

concentration. The cells were loaded with Fluo-4 AM dye by 

injecting Hank’s Balanced Salt Solution (HBSS; Cat. no. 

14025092, ThermoFisher Scientific, MA, USA) containing 1 µM 

Fluo-4 AM dye into the channel through the outlet at a flow 

rate ratio of 5 µL/min for 60 mins, followed by washing with a 

pure culture medium containing anion transport inhibitor for 

30 mins. The cellular fluorescence expressed by each cell was 

characterized over the cytoplasm area, which covers at least 

70% of the entire cell area (Fig. S1). 

        After the staining was completed, the stimulant, which 

was a pure culture medium containing 2.0 µM ionomycin (Cat. 

No. 9995, Cell Signaling Technology, MA, USA), was injected 

into the channel through the ionomycin inlet (the top inlet in 

Fig. 1A) at a flow rate of 2 µL min
-1

, while the pure medium 

was injected through the medium inlet also at a flow rate of 2 

µL min
-1

 (the bottom inlet in Fig. 1A). Upon complete mixing, 

the entire channel was filled with a uniform mixture of the 

culture medium containing 1.0 µM ionomycin; cells seeded in 

ROI 1 were subject to ionomycin stimulation with 

concentrations between 1.0 and 2.0 µM, while those seeded in 

ROI 2 were subject to ionomycin stimulation with 

concentrations between 0 and 1.0 µM.  

Image/video acquisition and data analysis 
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All the experimental images and videos were acquired, 

processed, and analyzed using Nikon NIS-Elements Advanced 

Research (AR) software and ImageJ (NIH, MD, USA). We 

started video recording 5 seconds before the chemical 

stimulation was generated to record the entire cell stimulation 

process and cell responses.  

       Data was presented as group means ± standard deviation 

(SD), and was analyzed by the one-way ANOVA test using 

OriginPro 8.0 (OriginLab Corporation, MA, USA). Tukey’s 

Multiple Comparison test was employed to compare 

differences among treatment groups, where a p-value of less 

than 0.05 was considered statistically significant.   

Results and discussion  

Generation of chemical signals 

We first validated the generation of chemical signals with 

various shapes; to do so, PBS and FITC-dextran solutions were 

injected into the channel at the same flow rate (QPBS = 2 µl 

min
-1

 & QFITC = 2 µl min
-1

). The flow rates, unless otherwise 

specified, were constant throughout the experiments. To 

quantitatively characterize the chemical signals that can be 

generated by our device, videos were taken at the location 

accommodating ROI 1 and ROI 2. Afterwards, the fluorescence 

intensity over time at each region was normalized to that of 

the completely mixed solution (i.e., 50% FITC-dextran).  

        Fig. 2 shows the chemical signals of various shapes 

obtained at ROI 2. Note that herein only chemical signals 

generated at ROI 2 were characterized, because the chemical 

signals at ROI 1 were merely complementary shapes with 

normalized intensities ranging from 1 to 2. By simply activating 

the transducer for given amount of time (e.g., 100 ms, 1, 5 and 

10 sec), we could generate single-pulse chemical signals of 

different durations, as shown in Fig. 2A. When repeatedly 

activating the transducer, similarly, we could obtain periodic 

chemical signals of different durations (Fig. 2B), where the 

chemical signals had an identical period (50 sec) but different 

duty cycles (e.g., 0.2, 2, 10 and 20%).  Other than duty cycle, 

periodic chemical signals with the same duty cycle (50%) but 

different periods (e.g., 2, 4, 8, and 10 sec) were also produced 

by switching the transducer ON and OFF at different switching 

frequencies (fswitching), as shown in Fig. 2C. The results 

demonstrate that by using our acoustofluidic-based chemical 

signal generator, we can generate chemical signals that are 

temporally controllable.  

        The chemical signals generated by our acoustofluidic 

devices can also be spatially controllable – their concentrations 

can be varied relative to the position in the channel – by either 

sweeping the driving frequency of the transducer or adjusting 

 
Figure 2. Examples of chemical signals that can be generated from our acoustofluidic chemical signal generator. Chemical signals with a wide temporal range 

can be generated solely by modulating the driving signals of the transducer. (A) Single-pulse signals with stimulation durations of 100 ms, and 1, 5 and 10 sec. 

(B) Periodic chemical signals with a constant period of 50 sec and various durations of 100 ms, and 1, 5 and 10 sec. (C) Periodic chemical signals with a fixed duty 

cycle of 50 % and varying periods of 2, 4, 8 and 10 sec.  
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its driving voltage (Fig. S2). The generation of spatially 

controllable chemical signals can be very useful. For example, 

within a single experiment, one could expose the same cells to 

stimulants of different concentrations without manually 

changing the stimulant concentration. Simply speaking, by 

modulating the driving signals of the transducer, one may 

generate chemical signals with both spatially and temporally-

controllable characteristics. In addition to modulating the 

driving signals of the transducer, rearranging the sharp-edge 

structures may lead to different mixing schemes, which in turn, 

would allow for the generation of spatiotemporally 

controllable chemical signals. For example, by rearranging the 

sharp-edge structures similar to what was reported previously 

(Fig. S2),
60

 our device can, along with the signal modulation of 

the transducer, generate such chemical signals. Additionally, it 

is worth mentioning that the stimulation duration may be 

further reduced by raising the flow rate. When further 

shortening the stimulation duration by increasing the flow 

rate, however, one would need to take into account the high 

flow shear stress induced by the increased flow rate, which 

may initiate undesired cellular responses.   

Calcium (Ca
2+

) responses to single-pulse ionomycin stimulation 

To demonstrate the utility of our device in stimulating cells for 

cell-signaling related studies, we investigated how HMVEC-d, 

HeLa, and U-251 cells respond to the time-varying, single-pulse 

ionomycin stimulation produced by our device, in terms of 

calcium release dynamics. Ionomycin, a calcium ionophore, is 

able to enter cells through plasma membranes to initiate Ca
2+

 

depletion from cells’ internal calcium stores.  The oscillation 

dynamics of Ca
2+

, as a universal signaling messenger in both 

excitable and non-excitable cells, have contributed to 

regulating many cellular processes from cell adhesion and 

 
Figure 3. Plots showing the individual (gray curves) and average (black curve) calcium response of 50 representative cells when (A) HMVEC-d cells, (B) HeLa cells 

and (C) U-251 cells were challenged by single-pulse ionomycin stimulation with stimulation duration of 1, 5 and 10 sec.  All the cells began to release Ca
2+

 from 

internal stores within just a few seconds of being exposed to ionomycin stimulus, constantly released calcium and eventually reached a peak calcium 

concentration, regardless of cell types. The prolonged stimulation seemed to have significant influence on the recovery time of cells from after reaching the 

peak intensity to the time point when recovering to calcium baseline level. Each plot is the representative results from at least three independent experiment 

where more than 200 cells were examined.  
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motility to cell immune response and gene expression.
68–72

 As 

such, with an experimental tool capable of modulating calcium 

oscillation dynamics, one can regulate cellular processes.  

        Fig. 3A, B and C show, respectively, the calcium responses 

of different cells when single-pulse ionomycin stimulus of 1, 5 

and 10 sec (as depicted in Fig. 2A) were applied. Each panel in 

Fig. 3 shows the individual (gray) and average (black) calcium 

responses of 50 representative cells from at least three 

independent experiments. Regardless of cell type, the cells 

started to release Ca
2+

 from internal stores within just a few 

seconds of ionomycin stimulation, then constantly released 

Ca
2+

 and eventually reached a peak Ca
2+

 concentration. The 

dynamic process showing the change in Ca
2+

 fluorescence 

intensity over time for HMVEC-d cells can be found in Video 

S1. This result demonstrates that the cells faithfully responded 

to the single-pulse ionomycin stimulation generated using our 

device, as exhibited by single Ca
2+

 transients with differences 

in peak Ca
2+

 concentrations. These differences were in large 

part due to the inherent heterogeneity of cells, which could be 

further elucidated in Fig. S3. Averaging the responses, we 

observed that the cell populations also had single Ca
2+

 

transients. As a comparison, the calcium release behavior of 

cells before the culture medium containing ionomycin was 

infused into the channel were also characterized; apparently, 

no calcium transient was observed in the absence of 

ionomycin (Fig. S3).  

        It is also important to point out that the degradation in 

fluorescence intensity over time due to photobleaching might 

be possible (Fig. S4). A previous study also showed that 

photobleaching of Fluo-4 AM fluorescence was observed over 

a given period of time in other cell types.
73

 Nevertheless, 

photobleaching can be considered negligible in this work, 

owing to the short exposure time and the intensity of 

excitation light used in this work. To further verify if 

photobleaching significantly affected the fluorescence 

intensity response, we took the fluorescence curve shown in 

Fig. S4A (HMVEC-d) as a baseline/background curve and 

subtracted it from the fluorescence intensity curves under 

single-pulse stimulation (Fig. 3A). The subtracted curves (Fig. 

S5) still show similar trends of Ca
2+

 response to those shown in 

Fig. 3A, indicating that photobleaching has a negligible 

influence on the Ca
2+

 response curves.       

        To further quantitatively characterize the difference in 

calcium response when stimulating the cells with different 

stimulation durations, we statistically analyzed the fold 

increase in peak Ca
2+

 fluorescence intensity (Fig. 4). The 

representative population of HMVEC-d cells, when exposed to 

1-sec single-pulse ionomycin stimulant, exhibited an average 

peak fluorescence intensity of 1.78 ± 0.26. As the stimulation 

duration was prolonged to 5 sec and 10 sec, the HMVEC-d cells 

showed, respectively, average peak fluorescence intensities of 

2.48 ± 0.40 and 2.73 ± 0.24. The peak fluorescence intensities 

 
Figure 4. Statistical analysis of the peak fluorescence intensity exhibited by 

different cells under single-pulse ionomycin stimulation of 1 sec, 5 sec and 

10 sec. As the stimulation duration was increased, the peak fluorescence 

intensity of calcium rose accordingly. This result suggests that under 

prolonged ionomycin stimulation, the cells released more calcium ions 

from the internal stores to the cytoplasm. Data is represented as the 

average of at least n = 3 independent experiments with standard deviation 

(*p < 0.05, **p < 0.01).  

 
Figure 5. Plots showing the individual (gray curves) and average (black curve) calcium response of 50 representative cells when (A) HMVEC-d, (B)HeLa, and (C) 

U-251 cells were subject to rapid, single-pulse ionomycin stimulation of duration 100 ms. All three different types of cells, challenged by the 100-ms ionomycin 

stimulation, first exhibited rapidly-rising calcium transients with peak intensities that were lower than those under normal, single-pulse stimulation. After the 

first calcium transient was probed, the cells were also found to feature slowly-rising components as well as rapidly-rising components. These results suggest 

that the cells seemed to undergo a process where they, to maintain a certain calcium concentration, constantly released calcium from internal stores and 

received calcium from surrounding environments. Each plot is a representative result from at least three independent experiments where more than 200 cells 

in total were examined. 
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of the HMVEC-d cells differed among stimulation durations, 

which suggests that the cells responded differently to the 

stimuli in terms of peak calcium concentration.  

        HeLa cells, similarly, released more calcium when the 

stimulation duration was extended. Peak fluorescence 

intensities of 2.01 ± 0.22, 2.15 ± 0.25 and 2.29 ± 0.28 were 

attained under the single-pulse stimulations of, respectively, 1, 

5, and 10 sec, which were all statistically different (Fig. 4). 

Although the U-251 cells depleted more Ca
2+

 from their 

internal stores as the stimulation duration was increased, the 

peak calcium concentration barely changed between the 

treatments of 5 and 10 sec. For all of the experiments with U-

251 cells exposed to the prolonged ionomycin stimulation, at 

least one-third of the U-251 cells changed their morphologies, 

from a “spread-out” shape to a round shape. The 

morphologically changed cells then detached from the surface 

of the channel. The U-251 cells’ altered morphology and 

detachment in response to the prolonged ionomycin 

stimulation are the behavior of early apoptosis; this 

observation is consistent with a previous report where 

ionomycin markedly induced U-251 cell apoptosis.
74

 As such, 

the phenomenon of unchanged peak calcium concentration 

may be attributed to the early apoptosis of U-251 cells in 

response to the prolonged ionomycin stimulation, which 

further influences the Ca
2+

 release. Taken as a whole, our 

statistical analysis indicates that when triggered by the 

prolonged ionomycin stimulation, the cells depleted more Ca
2+

 

from their internal stores, regardless of cell type.    

        Aside from the peak Ca
2+

 concentration, we also 

considered the dependence of the recovery time on the 

stimulation duration, which was defined as the time that the 

cells recover to the baseline Ca
2+

 levels after the peak intensity 

was reached. The Ca
2+

 fluorescence intensity of HMVEC-d cells, 

for example, reached a peak intensity after 10 – 20 sec (the 

rising time) under 1-sec single-pulse stimulation, and 

recovered to the calcium baseline level about 50 – 70 sec after 

reaching the peak. As the stimulation duration was prolonged, 

the rising time was hardly changed, whereas the recovery time 

was extended by about 20 sec (70 – 90 sec) and 40 sec (90 – 

100 sec) under the stimulation durations of 5 sec and 10 sec, 

respectively. We observed similar trends from the calcium 

responses of HeLa and U-251 cells; when we increased the 

stimulation duration, the rising time changed insignificantly, 

while the recovery time extended noticeably. These results 

suggest that prolonged ionomycin stimulation may cause a 

prolonged recovery time, which is in agreement with previous 

stuies.
20

  

        Collectively, the results presented in this section provide 

evidence that the cells, regardless of cell type, experienced 

changes in their surrounding microenvironment, and 

differently, yet faithfully responded to different chemical cues 

provided by our device. The results also prove our device 

capable of generating chemical signals that cells can receive 

and in turn, initiate appropriate cellular responses.           

Ca
2+

 responses to 100 ms, single-pulse ionomycin stimulation 

After monitoring the calcium response of cells under normal, 

single-pulse ionomycin stimulation (> 1 sec), we examined cells 

that were exposed to rapid, single-pulse ionomycin stimulation 

(i.e., 100-ms stimulation), to see if their responses would differ 

greatly from when exposed to normal, single-pulse 

stimulation. Fig. 5 shows the Ca
2+

 response of three different 

types of cells under rapid, single-pulse ionomycin stimulation. 

Again, each panel contains individual (gray) and average 

(black) calcium responses of 50 representative cells from at 

least three independent experiments, in which more than 200 

cells were assayed. Upon the 100-ms stimulation, all three 

different types of cells exhibited the first components of 

rapidly-rising calcium transients with peak intensities that 

were lower than those under normal, single-pulse stimulation. 

It is surprising that after the first calcium transient occurred, 

the cells exhibited slowly-rising components as well as rapidly-

rising components. The dynamic process exhibiting multiple 

calcium transients for HMVEC-d cells can be found in Video S2. 

The slowly-rising components may be attributed to that 

extracellular Ca
2+

 enter the cells through cell membranes. 

According to a previous study,
75

 the calcium released from 

internal stores was the principal cause of the rapidly-rising 

component, whereas the entry of calcium into cells from 

surrounding microenvironments predominately contributed to 

the slowly-rising component. Simply speaking, the cells may 

constantly release and accept Ca
2+

, respectively, to cytoplasm 

and from surrounding environments, so that they can maintain 

a given internal Ca
2+

 concentration through this process. In 

other words, unlike when cells were exposed to normal, single-

pulse stimulation, they could potentially undergo a “self-

equilibrium” process in response to rapid stimulation. In the 

future, we can use our acoustofluidic devices to shed light on 

how this phenomenon is initiated. For example, by chemically 

blocking calcium ion channels that control calcium transport 

from the extracellular environment, our devices will be able to 

accurately analyze these cellular responses. These results 

suggest that under rapid stimulation, the Ca
2+

 response of 

cells, besides the rising time and recovery time, may be 

significantly different. In addition, these results also 

demonstrate that our acoustofluidic device could produce 

rapid stimulation signals that could trigger uncommon cellular 

responses, allowing for studies where cell signaling dynamics 

under rapid stimulation is yet to be explored. 

Ca
2+

 responses to periodic ionomycin stimulation 

As a demonstration, we also monitored the Ca
2+

 responses of 

different types of cells under periodic ionomycin stimulation. 

The periodic stimulation was composed of 5 single-pulse 

stimulations, in which the period and stimulation duration for 

each single-pulse stimulation were 50 sec and 5 sec, 

respectively (Fig. 6A). To present the dynamic process of 

calcium response under the periodic stimulation, we first 

provided the response curves and fluorescent images of three 

representative HMVEC-d cells. These cells rapidly and 

consistently released Ca
2+

 after each single-pulse of the 

periodic stimulation, responding faithfully to the periodic 
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stimulation (Fig. 6B). Upon each single-pulse stimulation, the 

fluorescence intensity of the cells reached a maximum in 

about 10 – 15 sec and then declined gradually towards the 

baseline level (Fig. 6C). Note that though the cells responded 

predictably to each single-pulse stimulation, their peak 

fluorescence intensity decreased with the number of single-

pulse stimulations (Fig. 6C; Video S3). This observation is 

evidence that the periodic ionomycin stimulation would 

gradually deplete the internal calcium store, which agrees with 

previous conclusions that ionomycin enters cells through 

plasma membranes and facilitates the depletion of Ca
2+

 from 

internal calcium stores.
20,76,77

 Additionally, as a comparison, 

the calcium release behavior of cells over the similar period of 

time before the introduction of the culture medium containing 

ionomycin into the channel were also characterized (Fig. S6A). 

In the absence of ionomycin, the cells exhibited no calcium 

release behavior over a period of time of 300 sec.   

        Fig. 6D shows the Ca
2+

 responses of three different types 

 
Figure 6. (A) Profile of the periodic stimulation used in stimulating cells with periodic ionomycin stimulation, which has a fixed period of 50 sec and a stimulation 

duration of 5 sec. (B) Fluorescent images showing the change in fluorescence intensity of three representative HMVEC-d cells over the entire stimulation 

process. (C) Plot showing the calcium response curves corresponding to the three representative cells in (B). (D) Plots showing the individual (gray curves) and 

average (black curve) calcium response of 50 representative cells when HMVEC-d, HeLa and U-251 cells were stimulated by the periodic ionomycin stimulation 

plotted in (A). Each plot in (D) shows the representative results from at least three independent experiments where more than 200 cells in total were examined. 

The cells responded predictably to the periodic stimulation; however, the peak fluorescence intensity was reduced with the number of single-pulse stimulations. 

This phenomenon is a result of that the periodic ionomycin stimulation gradually depleted the internal calcium store. Scale bar: 25 µm 
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of cells under the periodic ionomycin stimulation, in which 

individual (gray) and average (black) calcium response curves 

of 50 representative cells from at least three independent 

experiments are provided (more than 200 cells were assayed). 

Despite the heterogeneity of the cells, they exhibited five 

fluorescence peaks under the periodic stimulation, regardless 

of cell type. The heterogeneity between cells only resulted in a 

difference in the amount of Ca
2+

 (which corresponded to the 

magnitude of fluorescence intensity) that each cell released 

after each single-pulse stimulation. By averaging the response 

curves, we confirmed that the depletion of internal calcium 

store was occurring under the periodic stimulation. These 

results also validate that our device could generate periodic 

chemical signals to which cells faithfully respond.   

        We also tested if the degradation due to photobleaching 

significantly influenced the fluorescence intensity response 

over this period of time (300 sec) and verified whether or not 

photobleaching leads to the decrease of fluorescence intensity 

with the number of single-pulse stimulations. The degraded 

fluorescence intensity curve of HMVEC-d cells (Fig. S6A) was 

taken as a baseline/background curve and subtracted from the 

fluorescence intensity curve under 5-sec periodic stimulation 

(Fig. 6D: HMVEC-d). The subtracted curve still displays a similar 

trend of Ca
2+

 response to that shown in Fig. 6D (HMVEC-d), 

demonstrating that photobleaching has an insignificant 

influence on the Ca
2+

 response curve. In other words, the 

decrease of the peak fluorescence intensity with an increasing 

number of single-pulse stimulation does indeed result from 

the gradual depletion of Ca
2+

 from the internal calcium stores 

of cells. As we mentioned above, previous studies have also 

confirmed the gradual depletion of Ca
2+

 under periodic 

ionomycin stimulation, and they concluded that cells take less 

time to release Ca
2+

 from their internal calcium stores to the 

cytoplasm than to recover Ca
2+

 from the cytoplasm back to the 

internal calcium stores.
20,76,77

 

        Other than being challenged by periodic stimulation with 

normal, single-pulse stimulation profiles, the cells were also 

assayed by periodic stimulation with rapid, single-pulse 

stimulation profiles (Fig. 2B; 100 ms). The cells, when exposed 

to a periodic stimulation with rapid, single-pulse stimulation 

profiles, constantly released and took in Ca
2+

 from the internal 

calcium store and surrounding environment, respectively, 

thereby displaying more than one calcium transients between 

each calcium peak (Fig. S7; Video S4). This result is in 

accordance with that obtained under a rapid, single-pulse 

ionomycin stimulation and once again, suggests that when the 

cells are subject to rapid chemical stimulation, they may 

respond differently.   

Conclusions 

In summary, we have developed an acoustofluidic chemical 

signal generator based on sharp-edge-based, active, on-

demand mixing strategy. Our acoustofluidic chemical signal 

generator can synthesize temporally-controllable, single and 

periodic chemical signals with varying durations, periods, and 

duty cycles, through modulating the driving signals of the 

transducer. The applicability and versatility of our 

acoustofluidic device have been verified by cell stimulation 

experiments using three different types of cells, where the 

cells could respond faithfully to the chemical signals generated 

by our acoustofluidic device. And interestingly, cells responded 

to the short, single-pulse ionomycin stimulation (~100 ms) in a 

different manner from when exposed to the long, single-pulse 

stimulation (> 1 sec). Because all the cells in each experiment 

were simultaneously subject to the same chemical signal, our 

device allows one to investigate cell-to-cell variations in a cell 

population due to inherent heterogeneity. In addition, 

concentration-varying chemical signals with our device may be 

produced by, for example, changing the flow rate ratio of 

buffer and stimulant and reconfiguring the arrangement of 

sharp-edge structures. With these characteristics along with 

features including ease of device preparation and operation, 

reliability, and versatility, our acoustofluidic device is a 

promising tool to shed lights on cells’ signaling dynamics in 

physiological processes such as immune response and 

transcription-factor-dependent gene expression. 
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Graphic Content Entry: A sharp-edge-based acoustofluidic 

device capable of generating temporally controllable chemical 

signals is presented to enable cell-signaling studies.  
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