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ABSTRACT: Acoustic mixing of droplets is a promising way to
implement biosensors that combine high speed and minimal
reagent consumption. To date, this type of droplet mixing is driven
by a volume force resulting from the absorption of high-frequency
acoustic waves in the bulk of the fluid. Here, we show that the
speed of these sensors is limited by the slow advection of analyte to
the sensor surface due to the formation of a hydrodynamic
boundary layer. We eliminate this hydrodynamic boundary layer
by using much lower ultrasonic frequencies to excite the droplet,
which drives a Rayleigh streaming that behaves essentially like a
slip velocity. At equal average flow velocity in the droplet, both
experiment and three-dimensional simulations show that this
provides a three-fold speedup compared to Eckart streaming.
Experimentally, we further shorten a SARS-CoV-2 antibody immunoassay from 20 min to 40 s taking advantage of Rayleigh acoustic
streaming.

■ INTRODUCTION
Surface biosensors integrated in microfluidic devices enable the
fast detection of molecules in small liquid samples. However,
they face a trade-off between detection speed and sample
waste. Indeed, the detection of dilute molecules by surface
biosensors proceeds in three steps: the mass transfer of analyte
from the bulk of the sample to the sensor surface, the
adsorption of the analyte on the sensor surface (which can be
made specific using antibody, DNA hybridization, or molecular
imprints) and the detection of the adsorbed analyte (by
fluorescence, surface plasmon resonance (SPR), field-effect
transistor, and so on). Most often, mass transfer is the slowest
step of all, and therefore determines the detection speed of the
sensor.1−3 This slow mass-transfer is mainly due to the
formation of a concentration boundary layer that prevents the
analytes from the bulk to reach the sensor. The thickness of
this boundary layer can be decreased by introducing
convection (mixing). However, for the simplest devices such
as a biosensor embedded in a microchannel, increasing the
flow rate also increases the waste of analyte1 and the resulting
shear may also damage the sensor.3

The mixing of sessile droplets (Figure 1) is a promising
strategy to address this trade-off between detection speed and
waste. On the one hand, convection ensures a negligible
boundary layer thickness (fast mass transfer) and on the other
hand, the batch-mode mixing ensures recycling of the outgoing
fluid. Such droplets can be mixed using electrowetting
actuation,4 thermo-electric convection,5 Marangoni effect,6 or
acoustic streaming (AS),7 with the latter featuring high flow
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Figure 1. Accelerated SARS-CoV-2 antibody detection immunoassay.
(a) Main steps of the immunoassay: spike proteins of the virus are
deposited on a treated glass substrate, then skim milk is added to
prevent nonspecfic adsorption. The analyte (primary antibody) can
bind to the antigen is remains on the surface despite washing. Finally,
the analyte is detected by a secondary fluorescent antibody. During
the latest two stages, the mass transfer of antibodies to the sensor
surface can be accelerated by mixing the liquid. (b) Method for the
ultrasonic mixing: a droplet is deposited on the biosensor. When the
transducer is turned on, the ultrasonic agitation of the glass is
transmitted to the liquid, which triggers a steady Rayleigh acoustic
streaming. After experiment, the glass slide is washed and the
substrate fluorescence is measured by microscopy.
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speed, the ability to mix pinned droplets (which is not possible
for electrowetting), excellent biocompatibility and insensitivity
to fluid composition and viscosity. Acoustic streaming has been
observed in blood,8 plasma,8 serum,9,10 saliva,10 and urine.11

Acoustic streaming results from the transfer of pseudomo-
mentum from an acoustic wave to the fluid, which can happen
through two mechanisms:12,13 due to the viscous attenuation
of the wave in the bulk (Eckart streaming14) and due to the
ultrasonic shear near the droplet boundaries (Rayleigh
streaming).15−17 Eckart streaming is easily generated using
high-frequency surface acoustic waves (SAW) ultrasonic
transducers (interdigitated transducers) and behaves like a
volume force that can mix droplets18 and, therefore, accelerate
surface bioassays such as DNA hybridization assays,7 immuno-
assays,19 and SPR detection.20 However, while Eckart stream-
ing can reduce the thickness of the concentration boundary
layer by stirring the droplet, the no-slip boundary condition at
the solid−liquid interface creates a slow-moving hydrodynamic
boundary layer near the sensor surface. As a result, the mixing
improvement is limited by the slow convection near the solid
wall.21,22

Unlike Eckart streaming, Rayleigh streaming behaves like a
slip velocity that reaches an asymptotic value within a few
micrometers from the surface,15−17 as shown in Figure 2 (a).

In this regard, it obliterates the hydrodynamic boundary layer
near the sensor, and therefore ensures a faster detection at
equal average flow velocity in the droplet. In most studies,
Rayleigh streaming is created by oscillating sharp edges23−25 or
microbubbles,26−28 and therefore the slip boundary condition
is limited to the surface of the edges and bubbles. Instead,
when considering surface biosensing applications, the slip
velocity should occur on the sensor itself to maximize the
detection speed. Accelerated detection of antibodies in both
serum and saliva has been reported with Rayleigh streaming.10

Although this type of full-device Rayleigh streaming has been
achieved in microfluidic channels with hard-boundaries,29 we
are not aware of studies where it would have been applied to
droplets in order to accelerate surface biosensing.
In this paper, we develop a microfluidic chip to expedite

surface bioassays by mixing droplets without contact. Unlike
previous studies based on Eckart streaming, using Rayleigh
streaming eliminates the hydrodynamic boundary layer at the
bottom of the droplet and accelerates analyte mass transfer to
the sensor, which shortens the detection time compared to
Eckart streaming with the same average flow velocity in the
droplet. We first use finite element simulation to show that

mass transfer with Rayleigh streaming is faster than with Eckart
streaming at equal flow velocity in the droplet, and then verify
this enhancement in experiments. Finally we use this Rayleigh
streaming to shorten immunoassays from 20 min to just 40 s.

■ METHODS
Our experiment (Figure 1(a)) aims to detect the presence of
SARS-CoV-2 antibodies (thereafter referred as the analyte).
The biosensor is first coated with SARS-CoV-2 spike proteins
(the antigen). The analyte then binds with the recombinant
spike protein from SARS-CoV-2, and is subsequently detected
with a secondary antibody (FITC * Goat anti-mouse IgG).
The mass transfer of species to the surface can be accelerated
by mixing the droplet with Rayleigh acoustic streaming (Figure
1(b)). A piezoelectric disc excited by an alternating voltage
transmits its vibration to the droplet by the mean of a glass
slide. Nonlinear interactions between the fluid and the solid
then result in a steady flow in the droplet: the Rayleigh
acoustic streaming. Eventually, the droplet is rinsed and the
adsorbed species are observed by fluorescence microscopy.
Materials and Chemicals. Fluorescence microparticles

were purchased from Huge Biotechnology (China), 2019-
nCoV (SARS-CoV-2) Spike (S) Protein (His-Avi) was
purchased from Yazyme Biomedical Technology Co.
(CG202−01; China), SARS-CoV-2 (2019-nCoV) Spike
Neutralizing Antibody was purchased from Sino Biological
(40591-MM43; China), FITC * Goat Anti-Mouse IgG(H+L)
was provided by Beyotime Biotechnology (A0568; China), 3-
APTES toluene solution was provided by Aladdin Bio-Chem
Technology (A107147; China), and toluene and methanol
were provided by Sinopharm (10022818 and 10014108,
respectively; China). All chemicals and reagents were used as
received without further purification. The piezoelectric disc (1
MHz resonance frequency, 20 mm diameter) was purchased
from Shanghai Daobo Electric Co., Ltd and the glass substrate
was purchased from Foshan Yuanjingmei Glass Co., Ltd. The
LiNbO3 wafer was purchased from RDMICRO (China).
Surface Chemistry. Most experiments use glass slides and

the remaining are performed on SiO2-coated lithium niobate.
Except for structure properties (which were not tested), the
SiO2 coating is chemically similar to glass. For convenience,
both substrates (glass and SiO2 coating) will be referred to as
glass in the remaining of the surface chemistry section. The
glass slides are first functionalized with 3-aminopropyl
triethoxysilane (3-APTES) to enable the binding of proteins.
The functionalized substrate is then used either to measure the
mass transfer of fluorescent antibodies (FITC * Goat Anti-
Mouse lgG (H+L)) or to perform an immunoassay.
Preparation of APTES-Functionalized Glass Slides. A

clean glass surface is first activated (hydroxilated) by treating it
for 3 min with an air plasma. The activated surface is then
silanized by immersion in a 20 mM 3-APTES toluene solution
overnight. Finally, the substrate is rinsed with toluene and
methanol to remove the unbounded 3-APTES.
Mass Transfer Assay. A 0.2 mg/mL FITC * Goat Anti-

Mouse lgG (H+L)) solution is directly incubated on the
APTES-functionalized substrate. After a predetermined
duration, the slide is rinsed thoroughly with DI water and
observed by fluorescence microscopy. The exposure time is
307 ms.
Fluorescent Immunoassay. The experiment can be

divided in three steps: the glass substrate functionalization
with APTES, priming with 2019-nCoV antigen and the analyte

Figure 2. Acoustic streaming velocity fields. (a) Main difference
between Eckart and Rayleigh streaming. Rayleigh streaming velocity is
nonzero even within a few micrometers from the biosensor surface,
whereas Eckart streaming features a hydrodynamic boundary layer
due to the no-slip boundary condition on the sensor surface. (b)
Experimental Rayleigh acoustic streaming field. To facilitate visual-
ization, yellow and green arrows represent upward and downward
velocities, respectively.
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detection itself. When acoustic streaming is used, only the
analyte detection is accelerated.

Substrate Priming. The assay begins with a priming step
where 0.1 mg/mL 2019-nCoV (SARS-CoV-2) Spike (S)
Protein (His-Avi) are incubated for 30 min at 25 °C on the
APTES-functionalized glass substrate. Accordingly, the amount
of spike protein used for each 2 μL droplet is 0.2 μg. In order
to prevent nonspecific adsorption of other proteins on
remaining APTES sites, the substrate is then immersed in a
solution of 5% skim milk diluted with 0.5% Tween Phosphate
Buffer Saline (PBST) for 30 min at 25 °C.

Analyte Detection. Before the assay, the optimal antibody
concentration for comparison between diffusion and acoustic
mixing is determined by a pure diffusion titer assay described
in Supplementary Note 1 in the Supporting Information (SI).
We find that the fluorescent immunoassay can detect antibody
concentrations ranging from 0.06 to 1.77 ng/mL of SARS-
CoV-2 (2019-nCoV) Spike Neutralizing Antibody. A concen-
tration of 0.76 ng/mL was selected for our experiments.
Primary antibody specificity, secondary antibody specificity
and blank comparison results are shown in SI Supplementary
Note 2.
In our experiments, the target analyte is suspended in a 2 μL

droplet. Acoustic streaming mixing is active during the whole
immunoassay. A solution of SARS-CoV-2 (2019-nCoV) Spike
Neutralizing Antibody is first incubated on the substrate, then
thoroughly rinsed with deionized (DI) water. The secondary
antibody (0.2 mg/mL FITC * Goat Anti-Mouse lgG (H+L))
is then incubated on the substrate and rinsed thoroughly with
DI water. Overall, 0.4 μg of secondary antibody is used for
each droplet. To evaluate the amount of adsorbed antibody,
fluorescence microscopy images of the sensor are recorded,
and the average fluorescence intensity is computed with
ImageJ.

Generation of Acoustic Streaming. Rayleigh acoustic
streaming is powered by the shearing motion of acoustic
waves at the interface between a solid and a fluid. In our
Rayleigh acoustic streaming experiments, the acoustic power is
provided by a piezoelectric transducer glued to the glass slide.
Eckart acoustic streaming is powered by the dissipation of
acoustic waves in the bulk of the fluid. In our Eckart acoustic
streaming experiments, the acoustic power is provided by
slanted interdigital transducer (IDT). In both of cases the
droplet is located several centimeters away from the acoustic
transducer. The acoustic vibrations are then transmitted
through the solid to the liquid, where they accumulate due
to acoustic resonance.

Electroacoustic Setup for Rayleigh Streaming. As shown
in Figure 1(b), a lead zirconate titanate (PZT) piezoelectric
disc is glued to the edge of a 50 × 50 × 1.8 mm3 glass slide
using a cyanoacrylate glue. To enhance repeatability, we have
used a 3D-printed template to fix the position of glass substrate
and PZT disc and press it using a binder clip, as shown in SI
Supplementary Note 3. The disc is powered by an AG1021
(T&C) radiofrequency power amplifier connected to a signal
generator (2207B, Picoscope). The excitation frequency was
set to 800 kHz and the power output from the amplifier
regulated to 2 W. During vibrometry experiments, the AG1021
was replaced with a LZY-22+ amplifier (Minicircuits) because
the AG1021 could not be transported to the vibrometer. The
signal generator voltage amplitude was set to 2 V, and the
transmitted power was measured to be 4.63, 4.80, and 4.95 W
at 800, 830, and 860 kHz, respectively. The excited transducer

generates Lamb waves that travel guided along the glass
substrate and transmit their vibrations to the droplet.

Electroacoustic Setup for Eckart Streaming. In Eckart
streaming experiments, the streaming is powered by a surface
acoustic wave (SAW) radiating into the droplet. The SAW is
generated using a slanted-fingers interdigitated transducer
(IDT). The transducer is produced by evaporating 10 nm of
chromium and 100 nm of gold on a 1 mm thick Y-128° cut of
LiNbO3. The IDT is then patterned by wet etching following
standard UV photolithography recipes. In order to facilitate
subsequent surface treatments, the substrate is coated with 100
nm of SiO2 to make it chemically similar to glass.
The slanted finger IDT can generate SAW with frequencies

ranging between 20 and 32 MHz, which enables the fine
positioning of the SAW beam relative to the droplet center.30

The IDT is powered by ZHL-5W-1 (Mini-circuits) power
amplifier connected to a signal generator (AFG31000,
Tektronix). The signal generator voltage amplitude was set
to 200 mV, and the transmitted power was measured to be
2.13 W. The experimental setup is shown in SI Supplementary
Note 4.

Laser Doppler Vibrometry. The vibration amplitude of the
droplet is measured by a Laser Doppler Vibrometer (LDV).
The vibrometer (shown in SI Supplementary Figure 6) is a
home-built heterodyne Mach−Zehnder interferometer.31
While it has scanning functions, it was used only to measure
the vibration of the top of the droplet. The laser hits the apex
of the droplet and bounces back through a 40× microscope
lens. Thanks to its large numerical aperture, such high-
magnification lens can collect light from many directions which
makes it relatively insensitive to small misalignment errors
between the droplet vibrating surface and the vibrometer.
During the measurements, the focus is regularly adjusted by
hand to compensate for the droplet evaporation. We save the
response of voltage of the photodiode at different times and
then compute its Fourier transform, as shown in SI
Supplementary Figure 7. Finally, we can calculate the vibration
amplitude by the method described in SI Supplementary Note
5. The droplet vibration amplitude (94 nm) being comparable
to the laser wavelength (633 nm), the perturbation approach
described in Royer et al.31 was not suitable. The non-
perturbative method is described in SI Supplementary Note 5.
The PZT was controlled by amplifier Minicircuits LZY-22+
and Picoscope 2207B (2 V). During vibrometry character-
ization, the droplet profile was photographed by an auxiliary
side-looking microscope.

Acoustic Mixing Assay. During acoustic mixing assays, a 2
μL droplet is placed on the substrate (Figure 1). The droplet
composition varies depending on the assay and is given in the
corresponding method section (immunoassay/laser vibrome-
try/particle tracking). To enhance repeatability, the droplet
contact line is immobilized using a gold ring patterned by
photolithography and made hydrophobic using 1-dodecane-
thiol. In immunoassays, the gold ring was replaced with a
silicone ring made of polydimethysiloxane. Once the droplet is
in position, the acoustic power is activated and the droplet
content is mixed using acoustic waves for the entire duration of
the incubation step. Once the assay is completed, the surface is
rinsed with DI water and observed using fluorescence
microscopy.

General Defocusing Particle Tracking (GDPT). In order to
visualize the acoustic streaming, the droplet is seeded with 2
μm diameter fluorescent particles. An f = 200.0 mm cylindrical

Analytical Chemistry pubs.acs.org/ac Article

https://doi.org/10.1021/acs.analchem.2c03877
Anal. Chem. 2023, 95, 6253−6260

6255

https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c03877/suppl_file/ac2c03877_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c03877/suppl_file/ac2c03877_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c03877/suppl_file/ac2c03877_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c03877/suppl_file/ac2c03877_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c03877/suppl_file/ac2c03877_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c03877/suppl_file/ac2c03877_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c03877/suppl_file/ac2c03877_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c03877/suppl_file/ac2c03877_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c03877/suppl_file/ac2c03877_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c03877/suppl_file/ac2c03877_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c03877/suppl_file/ac2c03877_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c03877/suppl_file/ac2c03877_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c03877/suppl_file/ac2c03877_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c03877/suppl_file/ac2c03877_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acs.analchem.2c03877/suppl_file/ac2c03877_si_001.pdf
pubs.acs.org/ac?ref=pdf
https://doi.org/10.1021/acs.analchem.2c03877?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


lens (LJ1653RM-A, Thorlabs) is placed above the microscope
objective to introduce a strong astigmatism that allows to
calculate the out-of-plane location (z) of the particles based on
the shape of their deformed image32−35 (see SI Supplementary
Note 6 for a more detailed explanation). These calculations of
the particle position and subsequent reconstruction of the
particle trajectories across multiple video frames are done using
a Matlab implementation of the general defocus particle
tracking (GDPT) method.33

Simulation of Acoustic Streaming and Mass Transfer.
Compared to surface acoustic wave (SAW) driven Eckart
streaming,36−38 Rayleigh streaming in sessile droplets has
received a limited attention. Peng et al.39 have used a
perturbation method to compute the acoustic streaming in
two dimensions. In their paper, they resolve the viscoacoustic
boundary layer to calculate the acoustic forcing. This requires a
very fine mesh to capture all the details of this boundary layer40

and therefore this method is restricted to two-dimensional
models due to computer memory limitations. Here, we use the

equivalent slip velocity as given by eq 1 to simulate acoustic
streaming in three dimensions. For a given radial standing
acoustic velocity field =v t r V r t( , ) ( )sin( )r r , Nyborg provides
an expression of the slip velocity vslip in the axisymmetric
incompressible case.16 In SI Supplementary Note 7, we show
that this expression is also valid in the compressible case:

=v V
r

V
3

8
( )

1
2

( )r r rslip
2

wall
2

wall (1)

It should be noted that the expression by Nyborg is
appropriate when there is only tangential motion at the solid
surface. Our model is a simple estimate of the actual process
and assumes an infinite impedance mismatch between solid,
liquid, and air. Therefore, only acoustic modes in water are
considered. Compared to water, the acoustic impedance of
glass or lithium niobate is very large, and therefore those solids
can be considered to be infinitely hard boundaries (0 normal
velocity) in first approximation. This allows us to use Nyborg

Figure 3. Measurements of the droplet surface vibrations by Laser Doppler Vibrometry (LDV). (a) Experimental profiles of the droplet at t = 174,
184, and 202 s. (b) Vibration amplitude over time with excitation frequencies of 800, 830, and 860 kHz.

Figure 4. Numerical simulation of acoustic mixing in droplets. (a,b) Hydrodynamic flow streamlines (left) and analyte concentration profile (right)
at t = 5 min in Rayleigh (a) and Eckart (b) mixing. The thickness of the streamlines is proportional to the flow velocity. (c) Radial distribution of
adsorbed analyte (Γ) on the biosensor surface at different time points. To locate stagnation points, the slip velocity (eq 1) is given by the right axis.
(d) Total amount of adsorbed analyte (n) on the sensor surface over time for various mass transfer methods. The dashed line indicates half the
amount of analyte initially available. The droplet vibration amplitude is 62 nm.
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expressions here. Nevertheless, the experimental Q-factor is
only 13, which suggests that transmitted waves between the
solid and the fluid could be as large as 7% of the reflected ones.
More refined models can be used to simulate the effect of
normal vibrations, such as in refs 41 and 12.
The simulations are implemented with Comsol multiphysics

using two-dimensional axisymmetric finite element models,
using laminar flow (creeping flow) and mass transfer of dilute
species modules. First, the acoustic field in the droplet is
estimated based on the LDV calibration (see SI Supplementary
Note 5), and the associated velocity field V r( )r is input in the
model (SI Supplementary Note 8). The acoustic streaming is
then computed from eq 1 using a stationary solver for the
laminar flow equations. Next, this streaming field is used as
input for a time-dependent convective mass-transfer and
reaction problem. In the latter, antibody adsorption is
simulated as a fast irreversible reaction. In first approximation,
a typical antibody diffusivity is taken as 4 × 10−11 m2/s.42

■ RESULTS AND DISCUSSION
Rayleigh Acoustic Streaming in Droplets. We first

optimize acoustic excitation to maximize the acoustic stream-

ing velocity. For water droplets on glass, the velocity of the
acoustic streaming is proportional to the ultrasonic energy
density in the liquid. In high-frequency Eckart streaming
experiments, the acoustic energy is stored in whispering gallery
modes that drive a fast acoustic streaming.38 Provided that the
acoustic wavelength is much shorter than the droplet size,
these modes are insensitive to the ultrasonic frequency and the
exact geometry of the droplet. However, at low frequencies
characteristic of Rayleigh streaming, the acoustic wavelength
becomes comparable to the droplet and energy can only be
stored in discrete resonant frequency modes. At these
frequencies, the acoustic field intensity peaks, which leads to

the strongest acoustic streaming. However, due to evaporation,
the droplet volume and contact angle change over time, and so
does the resonance frequency. The experimental droplet
profiles at three different stages of evaporation are shown as
dotted lines in Figure 3(a), in which the red profile is the initial
state of the droplet. Figure 3(b) shows the experimental
vibration amplitude of the droplet apex over time for a given
excitation frequency. All the curves feature a peak that
indicates the onset of acoustic resonance. For instance, a
droplet excited at 800 kHz becomes resonant after 174 s of
evaporation, whereas a droplet excited at 860 kHz resonates
after 202 s. Conversely, it is conceivable that a droplet could be
maintained resonant at all times by dynamically adjusting the
frequency. Furthermore, for a given droplet geometry (say t =
160 s), the excitation amplitude is divided by 2 when the
frequency increases by 30 kHz, which gives an estimated Q =
f/Δf ≈ 13 where Δf is the half-maximum full bandwidth (60
kHz) and f is the resonance frequency (800 kHz). This
suggests that the droplet behaves essentially as an acoustic
resonator such that the acoustic field in the droplet can be
reduced to the resonant mode.

Figure 5. (a) Total amount of adsorbed analyte (n) on the sensor
surface over time for various droplet surface vibration amplitude (u0).
The dashed line indicates half the amount of analyte initially available.
Inset: scaling of the adsorption characteristic time τ1/2 depending on
the droplet vibration amplitude. (b) Effect of the droplet surface
vibration amplitude (u0) on the radial distribution of adsorbed analyte
(Γ) on the biosensor surface after 2 h. To locate stagnation points, the
slip velocity (eq 1) for a droplet vibration amplitude of 100 nm is
given by the dashed line (right axis).

Figure 6. Fluorescence microscopy images after incubation in
different conditions (a) 0.2 mg/mL FITC * Goat Anti-Mouse lgG
(H+L) after 2 h of diffusion at 37 °C, (b) deionized (DI) water after
2 min of Rayleigh acoustic streaming (AS), (c) 0.2 mg/mL FITC *
Goat Anti-Mouse lgG (H+L) after 2 min of Rayleigh acoustic
streaming (d) 0.2 mg/mL FITC * Goat Anti-Mouse lgG (H+L) after
5 min of diffusion.

Figure 7. Comparison of adsorption kinetics of 0.2 mg/mL FITC *
Goat Anti-Mouse lgG (H+L) with and without acoustic mixing. The
limit of detection is obtained from DI water.
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In order to visualize the acoustic streaming, the three-
dimensional trajectory of 2 μm diameter fluorescent particles
dispersed in the droplet is reconstructed by GDPT and the
computed velocity field is shown in Figure 2(b). The poloidal
flow compares qualitatively well to our numerical simulation.
The experimental average velocity is 10 μm/s, which is of
similar magnitude to the 9.8 μm/s obtained from simulations
of a droplet vibration amplitude of 62 nm based on vibrometer
data (see SI Supplementary Note 5).
Acceleration of Mass Transfer by Rayleigh Acoustic

Streaming. Having validated the numerical method, we use
our model to compare the mass transfer performance of pure
diffusion, Eckart streaming and Rayleigh streaming. For the
sake of comparison, the average velocity of Eckart streaming is
set to the same value as Rayleigh streaming (9.8 μm/s). The
resulting velocity fields and concentration profiles after 5 min
are shown in Figure 4(a,b) (the concentration in the pure
diffusion case is shown in SI Supplementary Figure 10).
Concentration distribution in droplets in each case after 5 min
indicates that the analyte is mainly depleted near the solid in
the case of Eckart streaming and diffusion, whereas Rayleigh
streaming has a much better uniformity. Simulations also
reveal that the spatial distribution of adsorbed analyte
(adsorption profile) evolves over time (Figure 4(c)). The
adsorption is mainly concentrated at the stagnation point at
the center of the droplet, where streaming intensity is
minimum. This is similar to the case of Rayleigh-streaming-
enhanced heat transfer between two plates held at constant
temperature where heat transfer primarily occurs at the
hydrodynamic velocity nodes.43 However, the adsorption

minimum is located at another stagnation point. We believe
that there is almost no analyte adsorbed there because the
inward poloidal flow ensures that all analyte is adsorbed before
reaching this second stagnation point. In order to compare the
mixing performance of Eckart acoustic streaming, Rayleigh
acoustic streaming and pure diffusion Figure 4(d), we define
τ1/2 as the time it takes to transport half the analyte to the solid
surface. Diffusion takes τ1/2 = 2357 s (39 min), SAW induced
Eckart streaming shortens this process to τ1/2 = 1026 s (≈17
min) and Rayleigh streaming takes τ1/2 = 322 s (≈5 min).
Therefore, Rayleigh streaming mass transfer is three times
faster than Eckart mixing at equal average flow velocity in the
droplet. Therefore, a mass-transfer limited assay would be
three times shorter using Rayleigh streaming than when using
Eckart streaming.
Finally, we use the simulations to evaluate the effect of the

excitation amplitude on τ1/2 (Figure 5(a)). For small
oscillation amplitude (≤50 nm), we obtain a linear relation-
ship, similar to Vainshtein et al.43 At high amplitude, the
adsorption kinetic differs from the high Peclet asymptotic
regime of Vainshtein et al.43 In their work, adsorption is mainly
concentrated at the hydrodynamic nodes, whereas in the case
of the droplet the streaming stagnation points are more
ambiguous and can either be the location of maxima or minima
of adsorption (Figure 5(b)).
Next, we evaluate experimentally the acceleration of protein

mass transfer to the surface. A fluorescent antibody (FITC *
Goat Anti-Mouse lgG (H+L)) able to bind to silanized glass is
used to assess mass transfer enhancement due to acoustic
streaming. The intensity of fluorescence after different
conditions of incubation is shown in Figure 6. A positive
and negative control samples are prepared to bracket the pixel
intensity value between the noise floor and the maximum
expected intensity. The positive control (Figure 6(a)) is the
fluorescence obtained after immersing the slide in the antibody
solution for 2 h at 37 °C. The negative control (Figure 6(b)) is
the fluorescence image of a pure deionized (DI) water sample
after 2 min of Rayleigh acoustic streaming. Finally, the
fluorescence level after 2 min of antibody adsorption with and
without Rayleigh streaming are shown in Figure 6(c,d),
respectively. The droplet without Rayleigh acoustic mixing
looks similar to the negative control (DI water), whereas the
droplet that was acoustically mixed looks like the positive
control, indicating a saturated adsorption.
The variation of fluorescence intensity over time is shown in

Figure 7 for pure diffusion, Eckart and Rayleigh acoustic
streaming cases. In the case of pure diffusion, the fluorescence
intensity increases steadily, but after 20 min the droplet is
completely evaporated and yet the fluorescence intensity
remains weaker than the positive control (2 h, 37 °C). In
contrast, Rayleigh acoustic streaming mixed droplets reach the
saturation value within 30 s (fastest sample) to 2 min (slowest
sample), the dispersion being due to the sensitive interplay

Figure 8. Acceleration of an immunofluorescent SARS-CoV-2 (2019-
nCoV) Spike Neutralizing Antibody detection assay by Rayleigh
acoustic streaming. The incubation time for each antibody is kept the
same, and is indicated on the horizontal axis. Therefore, a 10 min
value on the axis indicates a total detection duration of 20 min. Limit
of detection is obtained from the inflection point of the titer curve (SI
Supplementary Note 1).

Table 1. Comparison of Adsorption Speed up between Eckart and Rayleigh Mixing

method droplet volume (μL) fluorescent species acoustic duration speedup ref

Eckart “microliter” 2 μm beads 5 min 40 s NA 19
Eckart 20 fluorescent carcinoembryonic antibody 10 min 12 45
Rayleigh 2 SARS-CoV-2 Spike Neutralizing Antibody 40 s 30 this work (Exp)
Eckart 2 NA 17 min 2.3 this work (Sim)
Rayleigh 2 NA 5 min 7.3 this work (Sim)
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between droplet volume and resonance frequency (Figure 3).
Even then, Rayleigh mixing remains at least 2.5 times faster
(and up 10 times faster) than mixing based on Eckart
streaming (5 min).
Acceleration of SARS-CoV-2 Detection with Acoustic

Streaming. Droplet-based assays are known to reduce reagent
use. For surface bioassays, the important metric is the surface
concentration of each species, and therefore the total amount
of reagent needed is proportional to the surface area of the
droplet bottom or, in microplates, of the well bottom. The
droplet used in this paper are 2 mm diameter, which is twice
smaller than the well of a 96-well plate (5 mm) recommended
for such assays. While antigen and secondary antibody
concentration were not optimized, we note that 1.5 ng of
SARS-CoV-2 Spike Neutralizing Antibody are required for this
assay whereas 96-well plate protocols typically recommend 30
to 60 ng per well.44

We demonstrate the acceleration of a bioassay to measure
the level of SARS-CoV-2 specific antibody (SARS-CoV-2 Spike
Neutralizing Antibody) in a liquid sample (here 0.5% Tween
Phosphate Buffer Saline (PBST)). The SARS-CoV-2 specific
antibody (primary antibody) specifically binds to an antigen on
the surface (2019-nCoV Spike(S) Protein (His-Avi)). This
primary antibody is then detected by a fluorescent secondary
antibody (FITC * Goat Anti-Mouse lgG (H+L))). Therefore,
this experiment involves two incubation steps. For the sake of
simplicity, both steps have the same duration.
The fluorescence levels depending on the incubation

method (diffusion or Rayleigh acoustic mixing) are shown in
Figure 8. Accordingly, 20 s of acoustic mixing yields
fluorescence levels comparable to 10 min of diffusion. This
shows that Rayleigh streaming is a highly efficient method to
accelerate surface bioassays. It is also instructive to compare
Rayleigh streaming results to previous immunoassays using
Eckart streaming19,45 that needed 5 to 10 min of mixing (or
“sample concentration”) to complete. Even though these
assays did not use the exact same experimental conditions (see
Table 1), the speed up offered by Rayleigh streaming is
approximately three times larger than Eckart mixing, both in
simulations and experiments.

■ CONCLUSIONS
Accelerating fluid mixing in droplet is a key problem to address
to improve biosensor speed without compromising the reagent
consumption. In this paper, we propose to use Rayleigh
acoustic streaming to bypass the hydrodynamic boundary layer
that has long limited SAW-based droplet mixing. Our
simulations and experiments unveil the three-dimensional
hydrodynamic flow in the droplet. The simulations also reveal
the adsorption profile of the analyte in the droplet and the
scaling of the adoption with the acoustic excitation amplitude.
Experimentally, we demonstrate that Rayleigh streaming can
shorten the detection time of FITC * Goat Anti-Mouse lgG
(H+L) by three-fold compared to Eckart streaming and also
shorten the SARS-CoV-2 Spike Neutralizing Antibody
detection time by up to 30 times compared to diffusion,
which reduces the detection time below 40 s. The application
of acoustic streaming in immunoassays provides the possibility
for rapid detection of emergent pathogens.
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