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Abstract

Controllable enrichment of micro/nanoscale objects plays a significant role in many biomedical 

and biochemical applications, such as increasing the detection sensitivity of assays, or improving 

the structures of bio-engineered tissues. However, few techniques can perform concentrations of 

micro/nano objects in multi-well plates, a very common laboratory vessel. In this work, we 

develop an acoustofluidic multi-well plate, which adopts an array of simple, low-cost and 

commercially available ring-shaped piezoelectric transducers for rapid and robust enrichment of 

micro/nanoscale particles/cells in each well of the plate. The enrichment mechanism is validated 

and characterized through both numerical simulations and experiments. We observe that the ring-

shaped piezoelectric transducer can generate circular standing flexural waves in the substrate of 

each well, and that the vibrations can induce acoustic streaming near the interface between the 

substrate and a fluid droplet placed within the well; this streaming can drive micro/nanoscale 

objects to the center of the droplet for enrichment. Moreover, the acoustofluidic multi-well plate 

can realize simultaneous and consistent enrichment of biological cells in each well of the plate. 

With merits such as simplicity, controllability, low cost, and excellent compatibility with other 

downstream analysis tools, the developed acoustofluidic multi-well plate could be a versatile tool 

for many applications such as micro/nano fabrication, self-assembly, biomedical/biochemical 

sensing, and tissue engineering.
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Introduction

Controllable enrichment of micro/nanoscale objects has considerable applications in various 

fields, such as micro/nano assembly,1-4 micro/nano fabrication,5-7 biomedical/biochemical 

dection,8-12 tissue engineering,13-15 and so forth. As a result, researchers have developed 

many sample enrichment methods based on various principles, such as optical,16, 17 

dielectrophoretic (DEP),18, 19 magnetic,20, 21 mechanical,22 hydrodynamic,23 and acoustic 

methods.8-10, 24-28 Among them, acoustic-based enrichment methods generally have several 

advantages, such as high biocompatibility,8 versatility,9, 29 simplicity,30 and fast and efficient 

actuation.31, 32 Typically, acoustic-based micro/nano concentration methods rely on two 

types of mechanisms, i.e., the acoustic radiation force33-38 or the drag force induced by the 

acoustic streaming.39-43 When the sizes of manipulated objects are in the micrometer to 

millimeter range, the acoustic radiation force is normally dominant and allows for trapping 

and concentration of objects effectively.44-49 However, if the scale of the manipulated 

objects falls in the nanometer range, it becomes difficult to trap and concentrate the objects 

when only using the acoustic radiation force; this is because the acoustic radiation force is 

proportional to the object’s volume.33 In these cases, acoustic streaming,39, 40, 50 which is 

defined as the second-order steady flow induced by the first-order acoustic field in a fluid, 

has proven to be an effective mechanism for trapping and concentrating both microscale and 

nanoscale objects.9, 51-53

Although significant efforts have been devoted to developing these acoustic-based 

enrichment methods and tools,54 they have seen limited use in practical applications. One 

could hypothesize that this lack of adoption is due to an inherent resistance to changing 

established biological protocols; that is, many researchers are hesitant to adopt novel 

technologies that may alter the time-tested research pathway. For example, even though 

numerous microfluidic technologies for cell culture have been created,8, 45 researchers still 

primarily rely on multi-well plates for conducting large-scale biological investigations.55 

The multi-well plate has seen little change over the last several decades, with many 

technologies being developed to fit the platform, as opposed to making a new platform 

altogether. For that reason, figuring out a way to integrate acoustofluidic manipulation 

technologies into tried and true biological systems is the most direct way to bring the 

benefits of this method to a broader audience.

In the past years, researchers have already made efforts to integrate acoustofluidic 

technologies with multi-well plates, and several functions have been demonstrated, including 

microparticle/cell concentration,56-58 fluid mixing,59 and droplet jetting/ejection.59 

However, there is still significant room for improvement in terms of functionalities, 

versatility, efficiency, and robustness. For example, in these platforms only particles larger 

than 10 μm have been manipulated and sub-micro particle manipulation has not been 

demonstrated.

In this work, we develop an acoustofluidic multi-well plate comprised of an array of 

piezoelectric rings for fast and robust enrichment of micro/nanoscale particles/cells in each 

well of the plate. Through both computational explorations and experimental 

demonstrations, we find that the enrichment of micro/nanoscale objects within a droplet 
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placed at the center of a single well is accomplished on the basis of the inward radial 

acoustic streaming near the droplet-substrate interface, which is induced by circular standing 

flexural waves in the substrate of each well. Moreover, the acoustofluidic multi-well plates 

can consistently realize simultaneous enrichment of biological cells in each well of the 

plates. With advantages such as simplicity, controllability, low cost, low power consumption, 

and most importantly, compatibility with existing commercial or standard platforms, our 

developed acoustofluidic multi-well plate could be a powerful tool for numerous 

applications in biology, chemistry and medicine.

Materials and methods

Device design and working principle

Figures 1(a) and 1(b) provide a schematic and a photo of the acoustofluidic multi-wall plate, 

respectively. As shown in these figures, a piezoelectric ring (wire leads soldered on one side) 

is manually bonded onto the glass bottom of each well of the Glass Bottom 6-well plate 

(P06G-0-20-F, MatTek Co., USA) using an epoxy layer (Permatex, USA). Although it is 

difficult to precisely control the thickness of the epoxy layer, we tried to make the epoxy 

layer as thin and uniform as possible to ensure the vibration transmission efficiency from 

piezoelectric rings to glass slides. The bandwidth of working frequency of the manually 

fabricated device prototype is about 3 kHz. The piezoelectric ring (SMR1357T12R412WL, 

STEINER & MARTINS, Inc., USA), which is aligned to be concentric with the glass 

bottom, has an inner diameter of 7 mm, an outer diameter of 13.5 mm, and a thickness of 1.2 

mm. The detailed material properties of the piezoelectric ring are given in the 

Supplementary Information.

To investigate the enrichment performance of the proposed device, we focus on one unit (a 

single well) of the acoustofluidic multi-well plate (Figure 1(c)). Figure 1(d) provides a 

schematic to illustrate the working principle of the enrichment process for micro/nanoscale 

objects within a well. When a sinusoidal voltage excitation signal at the unit’s resonance 

frequency is applied to the piezoelectric ring, circular standing flexural waves that are 

centrally symmetric with respect to the glass slide’s center, are generated in the glass slide, 

and the wave energy can then be transmitted into Circular standing flexural waves the 

suspension droplet at the center of the glass slide. Subsequently, inward radial acoustic 

streaming is generated near the droplet-substrate interface and is utilized to concentrate 

micro/nanoscale objects to the center of the well’s glass slide. The working mechanism of 

our device is further investigated and characterized in the Simulation Results subsection.

Experimental setup

The experiments were conducted on the stage of an inverted microscope (Nikon TE2000U, 

Japan). The excitation signals for the piezoelectric rings were generated by a function 

generator (SDG1050, SIGLENT, Germany). Images and videos were taken using Nikon 

imaging software (NIS-Advanced, Nikon, Japan) through a CCD (charge coupled device) 

digital camera (CoolSNAP HQ2, Photometrics, Tucson, AZ, USA). The fluorescence 

intensities in the images were post-analyzed with ImageJ (NIH, USA) software.
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Particle and cell sample preparation

8, 15, and 30 μm fluorescent green polystyrene beads (Phosphorex, Inc., USA) were chosen 

as the microscale particles of interest and the 470 nm fluorescent nile red carboxyl magnetic 

particles (Spherotech, Inc., USA) were chosen as the nanoscale object used during our 

investigations. The particles were mixed in deionized (DI) water and ultrasonically treated 

for 1 min to form particle suspensions. Unless otherwise specified, the approximate 

concentrations of 8 μm, 15 μm, 30 μm, and 470 nm particles used in the experiments are 

0.10 mg/mL, 0.20 mg/mL, 0.20 mg/mL, and 0.10 mg/mL, respectively.

Two types of cell samples, MCF7 and Hela cells were cultured in Dulbecco’s Modified 

Eagle Medium (DMEM, Gibco, Life Technologies, MA, USA) containing 10% fetal bovine 

serum (Gibco, Life Technologies, MA, USA) and penicillin streptomycin (Gibco, Life 

Technologies, MA, USA), respectively. All the cells were maintained in 5% CO2, 37 °C cell 

culture incubators (HERACELL VIOS 160i CO2 Incubator, Thermo Scientific, USA). Cell 

suspensions for all the experiments were made by dissociation of cells with trypsin-EDTA 

(Gibco, Life Technologies, NY, USA), centrifugation of dissociated cells at 800 rpm for 5 

min at room temperature, and re-suspension in the growth media. Cell densities were 

estimated using a hemocytometer (HAUSSER SCIENTIFIC, USA). Living cells were 

labelled with green fluorescence using Calcein-AM (Invitrogen, Life Technologies, MA, 

USA).

2D axisymmetric model for the finite element simulations

To investigate the enrichment mechanism of our acoustofluidic multi-well plate, we 

simplified one unit of the device (Figure 1(c)) to a 2D axisymmetric physical model (Figure 

S1). We simulated the flexural waves in the glass slide as well as the acoustic pressure field 

and acoustic streaming field in the droplet. The commercial finite element analysis (FEA) 

software COMSOL Multiphysics 5.5 (Burlington, MA, USA) was utilized for the numerical 

simulations.

In the first step of the simulation, the resonance frequency of the system was computed 

using the Thermoviscous Acoustic-Piezoelectric-Solid Interaction module and the 

Eigenfrequency solver. In the second step, the simulated resonance frequency (109.2 kHz), 

which was found to be close to the frequency (112 kHz) used for enrichment during 

experimentation, was selected to simulate flexural waves in the glass slide and the acoustic 

field in the droplet using the Frequency Domain solver. The difference between the 

simulated and experimental resonance frequencies may result from inherent inconsistencies 

introduced during the fabrication and assembly of the prototype device.30,60 In the third step, 

with the computational results for the acoustic field, the steady acoustic streaming field in 

the droplet is simulated using the Laminar Flow module based on the Reynolds stress 

method and a Stationary solver.29,39,61-64

Unless otherwise specified, the material parameters used in the numerical simulations are 

listed in Table SI. As shown in Figure S1, the droplet volume used in the simulation model is 

15 μL, and the corresponding radius and height of the droplet are 3.2 mm and 0.9 mm, 

respectively. According to the experimental measurement result, the thickness of the epoxy 
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layer is set to be 0.2 mm. The boundary conditions for simulations of acoustic field and 

acoustic streaming field are shown in Figures S2 and S3, respectively, and the mesh plot of 

the whole 2D axisymmetric model is shown in Figure S4. In the solid domain, the element 

numbers in the glass slide, epoxy layer, and piezoelectric ring are 217924, 248, and 1261, 

respectively. In the fluid domain (droplet), the computational mesh is generated from a 

maximum element size 0.3δ at the fluid domain boundaries and a maximum element size in 

the bulk of the fluid domain given by 10δ, where δ (1.71 μm) is the thickness of viscous 

boundary layer in water at 109.2 kHz,65 and the resultant total element number is 461822. 

The mesh convergence and independence for simulating acoustofluidic fields in the fluid 

domain have been tested and verified by many investigations.65-68

Results

Simulation results

Based on the above described simulation scheme, we performed the numerical simulations 

for the 2D axisymmetric acoustofluidic model. Figure 2(a) shows the simulated 

displacement field with circular standing flexural waves of one acoustofluidic element which 

is excited by a 109.2 kHz and 6 Vpp signal. Circular standing flexural waves can be seen in 

the glass slide, and these circular standing flexural waves are generated by the radial 

extension vibration mode of the piezoelectric ring (Figure S5). For quantitative 

characterization, the simulated wave displacement amplitudes along the radial direction (r) 
under different driving voltages are compared in Figure 2(b). It is seen that the wave 

displacement amplitude is maximized at the center of the glass slide and grows with an 

increase in the driving voltage. Figure 2(c) shows the simulated acoustic pressure amplitude 

distribution in the droplet, from which it can be seen that the acoustic pressure amplitude at 

the central position is maximum. In this regard, one may expect that particles/cells with 

positive acoustic contrast factors will never aggregate in the region of high acoustic pressure 

because the acoustic radiation force will repel these objects from the region of high acoustic 

pressure to that of low acoustic pressure.33, 69 However, from the simulated acoustic 

streaming field in the droplet shown in Figure 2(d), it is seen that near the droplet-substrate 

interface, as the acoustic streaming flows towards the central area in the 0 < r < 1.3 mm 

region, micro/nanoscale objects can be driven to the central area and be concentrated there. 

Based on our simulation, the streaming velocity outside of this region varies in direction, not 

always pointing towards the center and yielding aggregation. Thus, we consider the 0 < r < 

1.3 mm region as the concentration zone. Through simulation results, we also found that the 

order of magnitude of the acoustic radiation force is negligible compared to that of the drag 

force induced by acoustic streaming near the droplet-substrate interface. Therefore, we can 

verify that the acoustic streaming is dominant in our device and the enrichment of micro/

nanoscale objects is achieved based on the acoustic streaming that occurs near the droplet-

substrate interface.

To quantitatively characterize the dependency of the acoustic streaming field on the 

experimental conditions, as shown in the acoustic streaming’s profile in the viscous 

boundary layer (Figure S6), we extracted the tangential acoustic streaming velocity value ur 

at the outside boundary of the viscous boundary layer in the 0 < r < 1.3 mm region. Figure 
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2(e) shows the simulated tangential acoustic streaming velocity distribution at the outside 

boundary of the viscous boundary layer under different driving voltages, from which it is 

seen that ur increases from zero at the center of the droplet to its maximum value at 

approximately r = 0.6 mm, and then descends with a further increase of r. For the 

convenience of characterization, we extract the maximum value of acoustic streaming 

velocity in Figure 2(e) as umax and also define the mean value of tangential acoustic 

streaming velocity umean as

umean =
∫0

1.3 mmurdr
1.3 mm

(1)

The relationship between umax, umean, and driving voltage is shown in Figure 2(f), and it can 

be seen that as the driving voltage rises, both umax and umean increase. Moreover, we 

simulated the tangential acoustic streaming velocity distribution at the outside boundary of 

the viscous boundary layer in the 0 < r < 1.3 mm region under different droplet volumes, and 

the result is shown in Figure 2(g). Figure 2(h) shows the relationship between umax, umean, 

and droplet volume, from which it is seen that when the droplet volume increases from 5 μL 

to 15 μL, both umax and umean increase. This is because when the droplet volume increases 

properly, more acoustic energy can be transmitted into the droplet, which can result in 

stronger acoustic streaming velocity within the droplet. However, when the droplet volume 

is 20 μL, both umax and umean decrease compared to those when the droplet volume is 15 μL. 

This phenomenon may be attributed to the fact that when the droplet volume is too large, the 

heavy acoustic load resulting from the large droplet on the device may affect and weaken the 

device’s vibration to a certain extent,30, 60 which thus causes a weaker acoustic field in the 

droplet and a correspondingly weaker acoustic streaming velocity near the droplet-substrate 

interface.

Enrichment of 8 and 15 μm fluorescent polystyrene particles

Figure 3(a) shows the concentration process of 8 μm fluorescent polystyrene particles within 

a single unit of the acoustofluidic multi-well plate when the driving voltage, frequency, 

droplet volume, and particle concentration are 6 Vpp, 112 kHz, 15 μL, and 0.10 mg/mL, 

respectively (Movie S1). The initial distribution of 8 μm fluorescent polystyrene particles on 

the substrate in the panorama of the microscope is shown in Figure S7. It can be seen in 

Figure 3(a) that 8 μm polystyrene particles can gradually aggregate in the central area at the 

droplet-substrate interface with an increase in acoustic field time, which results in a gradual 

increase in fluorescence intensity in the central area as well. Figure 3(b) shows the 

enrichment process of 15 μm fluorescent polystyrene particles with a single unit of the 

acoustofluidic multi-well plate when the driving voltage, frequency, droplet volume, and 

particle concentration are 6 Vpp, 112 khlz, 15 μL, and 0.20 mg/mL, respectively (Movie S2). 

The initial distribution of 15 μm fluorescent PS particles on the substrate in the panorama of 

the microscope is shown in Figure S8. It is seen from Figure 3(b) that in the initial 10 s, 15 

μm polystyrene particles can rapidly aggregate in the central area at the droplet-substrate 

interface, after which the particle aggregation process equilibrates and the cluster maintains 
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its size, which indicates that all of the particles within the effective acoustic streaming field 

have been concentrated.

For 15 μm fluorescent polystyrene particles, the experimentally measured average 

fluorescence intensities in the central area versus acoustic field time under different driving 

voltages are compared in Figure 3(c); the droplet volume and particle concentration are 15 

μL and 0.20 mg/mL, respectively. Comparable results for 8 μm fluorescent polystyrene 

particles are shown in Figure S9. It can be seen that the fluorescence intensity rapidly 

increases in the first 10 s of acoustic field and then remains constant, which indicates that all 

the particles within the effective zone of acoustic streaming have been concentrated in the 

central area at the droplet-substrate interface. Also, as predicted by the faster acoustic 

streaming velocity near the droplet-substrate interface when applying a larger driving 

voltage (Figure 2(f)), the fluorescence intensity increases as the driving voltage increases. 

The fluorescence intensities versus acoustic field time under different droplet volumes for 15 

μm fluorescent polystyrene particles are compared in Figure 3(d) when the driving voltage 

and particle concentration are 6 Vpp and 0.20 mg/mL, respectively, and the result for 8 μm 

fluorescent polystyrene particles is shown in Figure S10. It is seen that the fluorescence 

intensity in the 15 μL droplet grows fastest and reaches its equilibrium value first, which is 

consistent with the simulations that predicted the greatest acoustic streaming velocity near 

the droplet-substrate interface for a 15 μL droplet (Figure 2(h)); this result was also verified 

experimentally by measuring the velocity of individual 15 μm polystyrene particles in 

suspension droplets of varying size (Figure S11). After 30 s, the fluorescence intensity in the 

20 μL droplet surpasses that in the 15 μL droplet, which results from more fluorescent 

polystyrene particles being available for concentration at the droplet-substrate interface in 

the 20 μL droplet. The fluorescence intensities versus acoustic field time under different 

particle concentrations for 15 μm and 8 μm fluorescent polystyrene particles are compared in 

Figures S12 and S13 when the driving voltage and droplet volume are 6 Vpp and 15 μL, 

respectively. Furthermore, we experimentally measured the relationship between the stable 

fluorescence intensity after acoustic field and particle concentration when the diving voltage 

and droplet volume are maintained at 6 Vpp and 15 μL, respectively; the result is shown in 

Figure 3(e). It is seen that the stable fluorescence intensity follows a linear trend with 

regards to the variation of particle concentration, which indicates that our device could be 

used as a quantitative assay for particle concentration.

Fluorescent signal enhancement for 30 μm and 470 nm particles

Having demonstrated the enrichment performance of a single unit of our acoustofluidic 

multi-well plate in detail, we further experimentally characterize the fluorescent signal 

enhancement capability accomplished by a single unit of our device for larger and smaller 

fluorescent particles, i.e., 30 μm polystyrene particles and 470 nm carboxyl magnetic 

particles. We chose 470 nm carboxyl magnetic particles over polystyrene nanoparticles of a 

similar size for this demonstration because we experimentally observed that although the 

inward radial acoustic streaming near the droplet-substrate interface could drag polystyrene 

nanoparticles to the central area, the upward acoustic streaming (Figure 2(d)) would lift 

polystyrene nanoparticles up from the substrate, meaning that polystyrene nanoparticles 

could not be stably concentrated; however, the heavier magnetic nanoparticles were able to 
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be concentrated at the bottom of the fluid domain along the droplet-substrate interface 

similar to larger polystyrene particles. The detailed force analysis of a still single particle at 

the center of the droplet-substrate interface in the acoustofluidic field, as well as a discussion 

of the relationship between particle size, density, and enrichment potential, are given in the 

Supplementary Information.

Figure 4(a) shows the initial random distribution of 30 μm polystyrene particles in the 

central area at the droplet-substrate interface when the droplet volume and particle 

concentration are 15 μL and 0.20 mg/mL, respectively. Figure 4(b) shows the aggregation of 

30 μm polystyrene particles after 10 s of acoustic field with a 6 Vpp driving voltage and 112 

kHz excitation frequency. Furthermore, we experimentally measured the fluorescent signal 

enhancement ratio between particle concentration results obtained before and after 10 s of 

acoustic field, and the fluorescent signal enhancement ratio versus driving voltage is shown 

in Figure 4(c); the signal enhancement ratio is defined as the ratio between the mean 

fluorescence intensity of an image without acoustic field and the mean fluorescence intensity 

of a photo with 10 s of acoustic field. It is seen that when the driving voltage increases from 

4 Vpp to 10 Vpp, the signal enhancement ratio can increase from 4.5 to 7. Figure 4(d) shows 

the initial random distribution of 470 nm carboxyl magnetic particles in the central area at 

the droplet-substrate interface when the droplet volume and particle concentration are 15 μL 

and 0.10 mg/mL, respectively. Figure 4(e) shows the aggregation of 470 nm carboxyl 

magnetic particles after 1 min of acoustic field with an 8 Vpp driving voltage and 112 kHz 

excitation frequency. Also, we experimentally measured the fluorescent signal enhancement 

ratio between particle concentration results obtained before and after 1 min of acoustic field, 

and the fluorescent signal enhancement ratio versus driving voltage is shown in Figure 4(f). 

It is seen that when the driving voltage changes from 4 Vpp to 6 Vpp, the signal enhancement 

ratio increases insignificantly, which indicates that the engendered acoustic streaming 

velocity is not large enough to concentrate the nanoparticles. However, when the driving 

voltage increases from 6 Vpp to 10 Vpp, the fluorescent signal enhancement ratio increased 

from 1.6 to 3 with a relatively large acoustic streaming velocity near the droplet-substrate 

interface.

Enrichment of cells in the acoustofluidic multi-well plates

To demonstrate the enrichment capability of our acoustofluidic multi-well plate for 

biological samples, we first perform the simultaneous enrichment of cells in each well of the 

acoustofluidic 6-well plate (Figure 1(b)). Before the experiments, we pre-coated all the wells 

with a 0.5% Bovine Serum Albumin (BSA, Sigma-Aldrich, Co., USA) phosphate buffered 

saline (PBS, Gibco, Life Technologies, NY, USA) solution for 24 h to reduce the adhesion 

between cells and the glass bottom. In the experiments, we input the AC signal to the 6 

piezoelectric rings simultaneously from the same channel. Figure 5(a) shows the stained 

MCF7 cell aggregations in wells 1-6 after 2 min of acoustic field when the driving voltage, 

frequency, droplet volume, and cell concentration are 10 Vpp, 110 kHz, 10 μL, and 106 

cells/mL, respectively. Furthermore, we experimentally measured and compared the 

fluorescence intensities of stained MCF7 cell aggregations in wells 1-6 after 2 min of 

acoustic field under different cell concentrations, and the result is shown in Figure 5(b). 

From Figure 5(b), we calculated that the maximum deviation of fluorescence intensity is no 
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more than 15%. Since the integrated device was fabricated manually, the performance 

consistency for each well of the prototype can be further improved with more standardized 

fabrication technologies.

We also fabricated an acoustofluidic 12-well plate integrated with an array of 12 

piezoelectric rings, and the prototype is shown in Figure 5(c). Before the experiments, we 

also pre-coated all the wells with a 0.5% BSA PBS solution for 24 h. In the experiments, we 

applied an AC signal to the 12 piezoelectric rings simultaneously from the same channel. 

Figure. 5(d) shows the stained Hela cell aggregations in wells 1-12 after 2 min of acoustic 

field when the driving voltage, frequency, droplet volume, and cell concentration are 10 Vpp, 

109 kHz, 10 μL, and 1.6 × 106 cells/mL, respectively. Moreover, we experimentally 

measured and compared the fluorescence intensities of stained Hela cell aggregations in 

wells 1-12 after 2 min of acoustic field under different cell concentrations, and the result is 

shown in Figure 5(e). From Figure 5(e), we calculated that the maximum deviation of 

fluorescence intensity was as low as 6%, which indicates the relative consistency of the 

prototype device.

To verify the biocompatibility of our device, we measured the cell viabilities for MCF7 and 

Hela cells in a single well of the acoustofluidic multi-well plate under two conditions: 

without acoustic field (control) and with acoustic field (the driving voltage is 10 Vpp and the 

duration for the acoustic field is 2 min). Cell viabilities were estimated by counting the 

number of live cells stained with Calcein-AM and the total cell numbers in the bright field. 

Figure 5(f) shows the measurement results of cell viability tests, from which it is seen that 

the cell viability decreases insignificantly (no more than 3.5%) after the device is in the 

acoustic field for 2 min. Therefore, it can be generally concluded that the acoustic streaming 

induced in the cell suspension droplet has minimum damage to cells.

Conclusions and Discussion

In this article, we have developed and demonstrated an acoustofluidic multi-well plate which 

enables rapid and robust enrichment of micro/nanoscale objects within suspension droplets 

placed at the center of a single well. The mechanism of enrichment is based on the inward 

radial acoustic streaming near the droplet-substrate interface, which is caused by the circular 

standing flexural waves of the glass substrate. The experimental results have confirmed that 

the acoustofluidic multi-well plate can be very effective for micro/nano enrichment when the 

scale of manipulated objects ranges from 400 nm to 30 μm. During our investigation, we 

showed that our platform could be used to measure particle sample concentrations based on 

a standardized fluorescence intensity versus concentration curve. We also demonstrated the 

simultaneous enrichment of biological cells in multiple wells.

There is still significant room for improvement when attempting to adapt the technology for 

use in biological/chemical/biomedical laboratories. Namely, the device has been 

demonstrated on relatively small multi-well plates, whereas biologists traditionally use much 

larger systems. Additionally, the current practice of permanently bonding the transducers to 

the wells is inefficient and impractical for use with the relatively disposable nature of the 

well-plates. While these factors present a shortcoming of the current implementation of our 
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technology, in preliminary experimentation we found that when substituting the epoxy 

bonding process with a more temporary gel-based bonding,70 concentration can still be 

achieved effectively (Figure S16). Although this concentration was achieved with a lower 

efficiency and speed, these results suggest that through further modification, our 

acoustofluidic concentration method could be adapted to be used in a more reusable manner 

which aligns with the disposable nature of multi-well plates in laboratory settings; that is, by 

avoiding permanently bonding the transducers to the multi-well plates, we can reuse the 

transducers across a larger number of biological tests. This will make the device much more 

readily adoptable by biologist.

Although the current device was demonstrated for use with small droplet volumes, 

preliminary investigations suggest that scaling up the device will still allow for generation of 

an acoustic streaming pattern that concentrates particles in the center of the well. This is 

promising for developing a larger device for use in applications which require larger sample 

volumes. Additionally, the results of our simulation suggest that given an optimized 

transducer and well setup we would be able to achieve concentration even when the well is 

filled to the walls (not just an isolated droplet). When a single well is filled with a thin layer 

of cell suspension fluid, we are still able to generate acoustic streaming flows near the center 

of the well (aligned with the center of the PZT ring) for enrichment.

With attributes and merits such as simplicity, controllability, and biocompatibility, the 

developed acoustofluidic multi-well plate could be a robust tool for acoustic assisted in-plate 

tissue culture with high consistency. Additionally, the developed acoustofluidic multi-well 

plate could be applied for acoustic assisted biomedical/biochemical sensing/detection since 

the sensing/detection sensitivity could be dramatically enhanced through sample enrichment. 

Our user-friendly device is simple and compact enough to be integrated with other well-

developed standard analysis platforms which rely on multi-well plates.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(a) Schematic of the acoustofluidic multi-well plate. (b) Photograph of the fabricated 

acoustofluidic multi-well plate. (c) Photograph of a single unit of the acoustofluidic multi-

well plate. (d) Schematic of the working principle of enriching micro/nanoscale objects in 

one unit of the acoustofluidic multi-well plate.
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Figure 2. 
(a) Simulated displacement field showing the circular standing flexural waves in the glass 

slide in the 2D axisymmetric model with an excitation of 109.2 kHz and 6 Vpp. (b) 
Simulated wave displacement amplitudes along the radial direction under different driving 

voltages. (c) Simulated acoustic pressure amplitude distribution in the droplet. (d) Simulated 

acoustic streaming field in the droplet. (e) Simulated distributions of tangential acoustic 

streaming velocity at the outside boundary of the viscous boundary layer for 0 < r < 1.3 mm 

under different driving voltages. (f) Relationship between umax, umean, and driving voltage. 

(g) Simulated distributions of tangential acoustic streaming velocity at the outside boundary 

of the viscous boundary layer for 0 < r < 1.3 mm under different droplet volumes. (h) 
Relationship between umax, umean, and droplet volume.
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Figure 3. 
(a) Concentration process of 8 μm fluorescent polystyrene particles within a single unit of 

the acoustofluidic multi-well plate when the driving voltage, frequency, droplet volume, and 

particle concentration are 6 Vpp, 112 kHz, 15 μL, and 0.10 mg/mL, respectively. Scale bar: 

500 μm. (b) Concentration process of 15 μm fluorescent polystyrene particles within a single 

unit of the acoustofluidic multi-well plate when the driving voltage, frequency, droplet 

volume, and particle concentration are 6 Vpp, 112kHz, 15 μL, and 0.20 mg/mL, respectively. 

Scale bar: 500 μm. (c) Fluorescence intensity versus acoustic field time under different 

driving voltages for 15 μm fluorescent polystyrene particles when the droplet volume and 

particle concentration are 15 μL and 0.20 mg/mL, respectively, (d) Fluorescence intensity 

versus acoustic field time under different droplet volumes for 15 μm fluorescent polystyrene 

particles when the driving voltage and particle concentration are 6 Vpp and 0.20 mg/mL, 

respectively, (e) Relationship between the stable fluorescence intensity after acoustic field 

and particle concentration for 15 μm fluorescent polystyrene particles when the diving 

voltage and droplet volume are maintained at 6 Vpp and 15 μL, respectively.
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Figure 4. 
(a) Initial random distribution of 30 μm polystyrene particles in the central area at the 

droplet-substrate interface when the droplet volume and particle concentration are 15 μL and 

0.20 mg/mL, respectively, (b) Aggregation of 30 μm polystyrene particles after 10 s of 

acoustic field with a 6 Vpp driving voltage and 112 kHz excitation frequency, (c) Fluorescent 

signal enhancement ratio versus driving voltage for 30 μm polystyrene particles, (d) Initial 

random distribution of 470 nm carboxyl magnetic particles in the central area at the droplet-

substrate interface when the droplet volume and particle concentration are 15 μL and 0.10 

mg/mL, respectively, (e) Aggregation of 470 nm carboxyl magnetic particles after 1 min of 

acoustic field with an 8 Vpp driving voltage and 112 kHz excitation frequency, (f) 
Fluorescent signal enhancement ratio versus driving voltage for 470 nm carboxyl magnetic 

particles. Scale bars: 500 μm.
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Figure 5. 
(a) Stained MCF7 cell aggregations in wells 1-6 after 2 min of acoustic field when the 

driving voltage, frequency, droplet volume, and cell concentration are 10 Vpp, 110 kHz, 10 

μL, and 106 cells/mL, respectively. Scale bar: 500 μm. (b) Fluorescence intensities of stained 

MCF7 cell aggregations in wells 1-6 after 2 min of acoustic field under different cell 

concentrations, (c) Photograph of the fabricated acoustofluidic 12-well plate, (d) Stained 

Hela cell aggregations in wells 1-12 after 2 min of acoustic field when the driving voltage, 

frequency, droplet volume, and cell concentration are 10 Vpp, 109 kHz, 10 μL, and 1.6 × 106 

cells/mL, respectively. Scale bar: 500 μm. (e) Fluorescence intensities of stained Hela cell 

aggregations in wells 1-12 after 2 min of acoustic field under different cell concentrations. 

(f) Measured cell viabilities for MCF7 and Hela cells in a single well of the acoustofluidic 

multi-well plate under two conditions: without acoustic field (control) and with acoustic 

field.
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