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Acoustofluidic centrifuge for nanoparticle enrichment 
and separation
Yuyang Gu1, Chuyi Chen1, Zhangming Mao2, Hunter Bachman1, Ryan Becker3, Joseph Rufo1, 
Zeyu Wang1, Peiran Zhang1, John Mai4, Shujie Yang1, Jinxin Zhang1, Shuaiguo Zhao1, 
Yingshi Ouyang5, David T. W. Wong6, Yoel Sadovsky5,7, Tony Jun Huang1*

Liquid droplets have been studied for decades and have recently experienced renewed attention as a simplified 
model for numerous fascinating physical phenomena occurring on size scales from the cell nucleus to stellar black 
holes. Here, we present an acoustofluidic centrifugation technique that leverages an entanglement of acoustic 
wave actuation and the spin of a fluidic droplet to enable nanoparticle enrichment and separation. By combining 
acoustic streaming and droplet spinning, rapid (<1 min) nanoparticle concentration and size-based separation 
are achieved with a resolution sufficient to identify and isolate exosome subpopulations. The underlying physical 
mechanisms have been characterized both numerically and experimentally, and the ability to process biological 
samples (including DNA segments and exosome subpopulations) has been successfully demonstrated. Together, 
this acoustofluidic centrifuge overcomes existing limitations in the manipulation of nanoscale (<100 nm) bioparticles 
and can be valuable for various applications in the fields of biology, chemistry, engineering, material science, 
and medicine.

INTRODUCTION
Nanoparticle manipulation is of great importance in various bio-
medical and biochemical applications, including gene/drug delivery 
(1–3), precision bioassays (4, 5), cancer diagnosis (6–8), and cata-
lyzing reactions (9–11). Hence, the ability to perform nanoparticle 
concentration or separation, or achieve self-assembly of nano-
structures, has emerged as a prominent interdisciplinary need in many 
fields. In addition, although there is a strong desire for controlling 
nanoscale (<100 nm) objects, only a handful of methods can achieve 
manipulation at this level. Conventional techniques for nanoscale 
manipulation include ultracentrifugation (12), nanopore filtration 
(13), dielectrophoresis (14), magnetopheresis (15), optical tweezing 
(16), and plasmonic tweezing (17). While each of these methods has 
certain advantages depending on the given application, there are 
still many drawbacks associated with their routine use. For example, 
ultracentrifugation and filtration-based manipulation have relatively 
low sample yields and require long processing periods; optical and 
plasmonic tweezers provide high precision, but they are usually re-
stricted to manipulating a relatively small number of particles, thus 
severely limiting their practical applications.

Compared with these methods, acoustofluidics (i.e., the fusion 
of acoustics and microfluidics)–based techniques have advantages 
such as high biocompatibility, versatility, and simplistic device design 
(18). The main mechanisms that acoustofluidic methods leverage to 
control particles are acoustic radiation force and acoustic stream-
ing. Both of these mechanisms can be useful in various applications, 

especially those involving microparticles (19–24). However, when 
dealing with nanoparticles, the fundamental limitation of acoustic-
based systems is apparent; namely, there is often an insufficient 
acoustic radiation force to fully control the nanosized particles 
(25, 26). One strategy that has been implemented to manipulate nano
scale objects using acoustofluidics is to increase the magnitude of 
the acoustic radiation force. As previous studies have shown, by 
increasing the working frequency or by constructing specialized 
acoustic resonators, the radiation force can be increased by many 
times, which enables control of submicrometer-sized particles (27, 28). 
Furthermore, by seeding a fluid with microparticles, the secondary 
acoustic radiation force, which is increased due to microscale particle 
interactions, can also be applied to achieve submicrometer-scale 
control (29, 30). In an attempt to overcome limitations imposed by 
solely acoustic radiation force–based manipulation of nanoparticles, 
researchers have also shown a vast improvement in manipulation 
capabilities by using acoustic controlled streaming motion in com-
bination with acoustic radiation forces (31, 32). Although these 
aforementioned methods can overcome a certain degree of mis-
match between acoustofluidic techniques and nanoscale manipulation, 
most methods remain focused on submicrometer-scale (>100 nm) 
manipulation, and limited studies have been performed on acoustic-
based manipulation of nanoscale (<100 nm) bioparticles.

Here, we present an acoustofluidic centrifuge system that lever-
ages acoustically driven spinning droplets to manipulate particles 
with sizes down to a few nanometers. Various functionalities of this 
system are demonstrated, including nanoparticle concentration, 
separation, and transport. The basic system is composed of one pair 
of slanted interdigitated transducers (IDTs) and a circular polydimethyl
siloxane (PDMS) containment ring to encapsulate a portion of the 
droplet and to define its shape. We observed an interesting physical 
phenomenon where surface acoustic waves (SAWs) can drive drop-
lets to spin along their central axis. This spinning motion initiates 
Stokes drift along a circular closed path that transfers momentum 
to the fluid in a manner that notably increases the inner stream-
ing velocity and shear rate within the droplet by 10 to 100 times. 
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Particles within this “rotational vortex field” follow a helical trajec-
tory and are rapidly concentrated to the center of the droplet as a 
result of the combination of the acoustic radiation force and drag 
force. Through numerical simulations and experimental investiga-
tions, we demonstrate that acoustic waves can rotate a liquid drop-
let with a variable sample volume (from nanoliters to microliters), 
to influence nanoparticles of various sizes (from a few nanometers 
to a few micrometers). As a result, leveraging droplet resonance 
enables 28-nm nanoparticles, as well as strands of DNA, to be con-
centrated within 1 min. In addition, by building an acoustofluidic 
centrifuge system with dual rotating droplets, we can separate 
nanoparticles of various sizes, including exosome subpopulations, 
with high purity. To the best of our knowledge, this work marks 
that an acoustic-based technique can achieve isolation of different 
exosome subpopulations. The comprehensive theoretical modeling 
and matching experimental results performed using this new acoustic-
mediated nanoparticle manipulation platform can be extrapolated 
to applications in simplifying transfection, automating vesicle cargo 
loading, and accelerating liquid biopsies.

RESULTS
Working mechanism of the acoustofluidic centrifuge
As shown in Fig. 1, the basic experimental configuration of the 
acoustofluidic centrifuge includes one pair of slanted IDTs with a 
PDMS ring aligned in the middle. The slanted IDTs enable broad-
band frequency excitation because of the varied finger spacing 
across the widths of the transducers. The PDMS ring confines the 
boundary of the fluid such that when a water droplet is added to the 
container, it forms its equilibrium hemispherical shape when gravity 

and surface tension forces are balanced. When an electrical signal is 
applied to the slanted IDTs, two traveling SAWs propagate along 
the substrate from two opposing directions and enter the two flanks 
of the droplet. The droplet spinning will experience three regimes 
from its nonspinning to stable spinning mode. (i) With a small 
acoustic amplitude excitation, internal vortex streaming can be 
generated, while the droplet will remain in its equilibrium shape 
due to insufficient acoustic radiation pressure acting on the interface 
and the intensity of acoustic streaming. (ii) As the acoustic ampli-
tude increases, the length of the acoustic wave propagation before 
being fully attenuated becomes longer, and the vortex streaming is 
enhanced as well. These effects will tend to break the equilibrium of 
the liquid-air interface while the droplet’s bottom and side bound-
aries remain constrained within the PDMS ring, resulting in slight 
oscillations of the fluid surface. (iii) As momentum accumulates 
and the surface tension of the droplet attempts to remain in balance 
with the acoustic radiation pressure and centrifugal force, the drop-
let gradually deforms into a concave ellipsoid shape and reaches a 
stable spin mode with a periodic rotational boundary deformation, 
which forms a “rotational capillary wave” propagating along the free 
surface of the droplet. In this mode, particles within the droplet migrate 
toward the center of the droplet following a dual-axis rotational tra-
jectory. One axis is with respect to the droplet, and the other axis is 
with respect to the particle. This dual-axis particle trajectory follows 
a helical path with the particle itself also rotating (as shown in the 
dashed box of Fig. 1A and indicated by the green arrow).

As indicated in Fig. 1B, compared with the original spherical cap 
shape, the spinning droplet has a lower height but a higher maxi-
mum equatorial radius due to stretching in the horizontal direction. 
From the top view, as shown in Fig. 2A, the equilibrium cross 
section of the droplet is a spinning, two-lobed, elliptical shape. The 
green line a-a′ (Fig. 2, A and B) indicates the droplet radial distance 
at a fixed location over time. To accurately measure the rotational 
speed of the spinning droplet, the change in this radial distance is 
plotted as a waveform (Fig. 2C) via image processing of the image in 
Fig. 2B. The rotational speed of the spinning droplet can then be 
calculated via a Fourier transform of this waveform. The peaks of 
the waveform correspond to twice the rotational frequency since 
the dual lobes of the single droplet will cross the detection line two 
times each cycle. Extracting the droplet speed from the waveform, 
we can then compare the spin rate to classical droplet oscillation 
dynamics (33, 34)

	​​ ​​ n​​​​ 2​  =  n(n + 1 ) (n − 1 ) (n + 2 ) ​    ──────────────  
​r​​ 3​ [ (n + 1 ) ​​ liquid​​ + n ​​ air​​]

 ​​	 (1)

where n is the spherical harmonic degree that corresponds to the 
lobe number during spin, r is the droplet’s radius (e.g., the radius of 
the spherical cap),  is the surface tension, and liquid and air are the 
density of the liquid and air, respectively. This oscillation equation 
calculates the free oscillation frequency of a spherical droplet whose 
lobes repeatedly stretch and contract without spinning (35), as 
opposed to the continuous rotational deformation observed in our 
platform. The radius of the droplet can be calculated from the vol-
ume of the droplet; a pipette is used to generate a droplet with the 
known volume of V, and given that the PDMS ring has a radius of a 
and a height of h (as depicted in Fig. 2D), the radius of the droplet is 
calculated using the following relationship

Fig. 1. Operating mechanism of the acoustofluidic centrifuge platform. (A) Il-
lustration of the acoustofluidic centrifuge system. The droplet is placed on a PDMS 
ring that confines the fluid boundary and is located between two slanted IDTs. As 
the SAWs propagate into the droplet, the liquid-air interface is deformed by the 
acoustic radiation pressure, and the droplet starts to spin. Particles inside the drop-
let will follow helical trajectories (inset) under the influence of both induced vortex 
streaming and the spinning droplet. (B) A sequence of images showing the side 
view of a 30-l rotating droplet. The SAW is activated at 0 s. The sequence shows 
that as the droplet starts spinning, it stretches out to a concave ellipsoid shape, as 
illustrated in (A). Yellow arrow indicates the reference position that rotates along 
with the spinning droplet.
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	​ V −  ​a​​ 2​ h  = ​   ─ 3 ​ ​(r + ​√ 
_

 ​r​​ 2​ − ​a​​ 2​ ​)​​ 
2
​ [ 3r − (r + ​√ 

_
 ​r​​ 2​ − ​a​​ 2​ ​ ) ]​	 (2)

For example, for a PDMS ring with a radius of 1.00 mm and a 
height of 0.55 mm, a 10.0-l droplet has a radius of ~1.29 mm. The 
results shown in Fig. 2D indicate that there is a consistent correla-
tion between the measured spin speed and the oscillation speed 
calculated using Eq. 1. Thus, the spinning droplet and the standard 
oscillatory motion are similar, where the droplet is forced from its 
equilibrium state in both cases. In our experiment, droplets with 
volumes from 60 nl to 90 l were tested. This corresponds to droplet 
radii from 0.3 to 3.6 mm.

We also studied whether parameters related to the acoustic field 
influence the spin motion (figs. S1 to S3). First, we used different 
acoustic frequencies (7.5 to 11 MHz) to drive the spin of a 30-l 
droplet (fig. S1). Results showed that the spin can be excited over a 
wide range of frequencies as long as the acoustic wave enters the 
droplet from a position that has a slight bias from its center line. We 
also found that frequency changes will not cause a major change to 
the spin speed. This observation is understandable since the rota-
tional speed is primarily determined by the properties of the droplet 
instead of the external excitation (as per Eq. 1). On the other hand, 
as the applied power is increased, the droplet will initially maintain 
its equilibrium shape and then start to experience small oscillations 
until the acoustic power reaches a threshold value. At this thresh-
old, the droplet enters its stable spinning mode, and the updated 
equilibrium shape (e.g., a concave ellipsoid shape) will be further 
stretched with increased power, while the spin rate will not be 
affected. Notably, with higher droplet volumes, higher-order spin 
modes are observed when the droplet begins to spin, with four- or 
six-lobed droplets that form during rotation. As shown in fig. S3 

(C and D), four- and six-lobed shapes are visible when dealing with 
droplets with volumes of 50 and 80 l, respectively. However, as 
their momentum increased, both of the higher-order modes reverted 
to two-lobed shapes. The outline of the four spin modes (l = 1, 2, 4, 6) 
shown in fig. S3 fit the theoretical model given by (35)

	​ r(φ, t ) = a [ 1 + ​​ l​​(t ) cos(lφ + ​φ​ 0​​ ) ]​	 (3)

where l(t) = 0 cos (lt), and a is the equatorial radius of the drop-
let at its initial equilibrium state, l(t) and 0 are the transient devi-
ation amplitude and its oscillation amplitude, respectively.

Next, we focused on analyzing the motion of particles within the 
spinning droplet. Many previous studies have shown that SAWs 
can induce acoustic streaming vortices inside a droplet (26, 36, 37). 
It is also well known that particles are subject to both a drag force, 
which arises from acoustic streaming, and an acoustic radiation 
force. However, the current literature largely focuses on micro
particles within a droplet that has a static shape (26, 36, 38). Within a 
spinning droplet, unlike the curvilinear particle path in a traditional 
SAW-driven droplet, we observed that particles not only move 
along the vortex-shaped streamline but are also influenced by the 
angular momentum of the continuously rotating droplet. Experi-
mentally, we found that particles move along helical trajectories 
that correspond to a Stokes drift effect, while the localized spinning 
motion causes the water wave at the liquid-air interface to propa-
gate along a circular path and results in a rotating Stokes drift. As 
shown in Fig. 2 (E and F), by monitoring the movement of 1-m 
particles using a fast camera and by analyzing the videos using particle 
tracking velocimetry, we can observe the helical-shaped trajectory 
that the particles follow. It can be seen that the particles generally 

Fig. 2. Characterization of droplet spin and particle movement in the acoustofluidic centrifuge device. (A) A sequence of images showing the top view of a spinning 
droplet under a microscope. (B) Corresponding time sequence of stacked images along the line a-a′, which shows the periodic spin of the ellipsoid droplet. (C) The instan-
taneous velocity at a point on the spinning droplet can be extracted from this normalized fit of the distance change versus time (B). (D) Theoretical and experimental 
droplet rotation speed [rotations per minute (RPM)] versus the change in droplet radius. The volume (V) of the droplet refers to the volume above the PDMS ring. 
(E) Theoretically calculated and (F) experimentally observed particle trajectories showing the dual rotation modes; particles trace a helical path as they approach the center 
of the droplet while also rotating around their local axes. Scale bar, 500 m.
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travel along a larger vortex path, with multiple smaller circular move-
ments along the path to the droplet center; notably, the frequency of 
the smaller-scale circular motion appears to be equal to the frequency 
of the bulk droplet spin, meaning that the particle makes one local 
rotation while simultaneously moving closer to the droplet’s global 
center along its helical path during each rotation of the droplet.

After quantifying the particle velocity inside the droplet, we found 
that the droplet spin and the resulting localized rotation trajectory 
have a more substantial effect than simply modifying the trajectory 
of the particles as they travel toward the droplet’s center. We first 
qualitatively investigated particle motion by dispersing 10-m poly-
styrene (PS) particles inside a 20-l droplet, which corresponds to a 
droplet radius of 2.39 mm and spin speed of 2741 ± 24 rpm. We 
found that the particles became concentrated in 0.12 s, which is ~10 
to 100 times faster than previously reported acoustic concentration 
devices (26, 39). We then measured the velocities of 1-m PS parti-
cles within the droplet using digital particle image velocimetry 
(40, 41). As shown in Fig. 3C, initially the droplet struggles to spin 
under a 15-Vpp (peak-to-peak voltage)  excitation and yields a particle 
velocity of ~15 mm/s. However, as the input power is increased, the 
acoustic streaming becomes stronger, and the droplet starts to spin. 
We observed that the particle velocity increased notably with an 18-Vpp 
excitation signal, which corresponds to the voltage that causes the droplet 
to fully enter its spin mode. When the input voltage reaches ~40 Vpp, 
the average particle velocity can reach nearly ~100 mm/s. To identify 
the effects of droplet spin, a numerical simulation was performed 
at the same input power without the droplet spinning (e.g., the droplet 
remains in its equilibrium hemispherical state) and compared with 
the velocity within a spinning droplet. At low power levels, the parti-
cle velocities between the experiment and simulation had a very 
small difference. However, the velocity difference became larger, 
with as much as ~80 mm/s variance once a higher power was ap-
plied. Moreover, we performed a numerical simulation to calculate 

the shear rate inside the droplet under different spin speeds, as shown 
in Fig. 3D. We found that the shear rate inside the spinning droplet 
had increased and was positively correlated with the spin speed. 
Compared with a nonspinning droplet in which the shear rate was 
only generated by vortex acoustic streaming, the shear rate of a 
spinning droplet increased several times over as the rotational rate 
increased. We also noted that, unlike the normal acoustic streaming–
induced shear rate distribution, which usually decreases rapidly away 
from the boundary, the shear rates within the spinning droplet 
remain high near the droplet center. This could potentially explain 
the rapid concentration of the microparticles since the droplet spin-
ning enhanced both vortex streaming velocity and the fluid defor-
mation within the droplet. While the entire fluid domain is shown 
as spinning, the essence of this spinning motion is the boundary 
periodic deformation along the radial axis. This continuous boundary 
deformation can generate a secondary flow along the radial direc-
tion, which can push the particles into the inner orbit of the vortex 
streaming and further propel the particles toward the center. Al-
though the particle displacement has a small oscillation along the 
radial direction due to the continuous stretching and compressing 
of the droplet, the overall impact is to push the particles inward (fig. S4). 
Thus, as this inward pushing effect accumulates, nanoparticles can 
be concentrated to the droplet center. To validate this hypothesis, 
we also developed a numerical simulation for this continuous de-
formation–induced secondary flow and concentration phenome-
non (fig. S4).

Differential concentration of nanoparticles via 
acoustofluidic centrifuge
For particles with diameters smaller than 1 m in a droplet, the drag 
force generated by both acoustic streaming (tangential direction) 
and spinning-enhanced secondary flow (radial direction) plays a 
notable role in driving the particles to move along the fluid 

Fig. 3. Rapid nanoparticle enrichment via acoustofluidic centrifuge. (A) Numerically simulated particle trajectory within a spinning droplet. As the droplet starts to 
spin, the particles that were initially randomly distributed inside the droplet (left) follow a helical trajectory until concentrated at the middle of the droplet (right). 
(B) Fluorescence images before (left) and after (right) the acoustic field is turned on, which shows the enrichment of 28-nm PS particles. Scale bar, 50 m. (C) Streaming 
velocity with (experimental result) and without (simulation result) droplet spinning. (D) Plot of the calculated average shear rate inside the droplet versus speed. The shear 
rate increases with a higher spinning speed and rises to several times higher than the shear rate when there is no rotating droplet (streaming only). (E) Flowchart showing 
the process of DNA enrichment and fluorescent signal enhancement in a spinning droplet. (F) Plot of the measured DNA fluorescence intensity versus time in the spinning 
droplet. Insets: Fluorescence images before and after signal enhancement. Scale bar, 50 m. a.u., arbitrary units.
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streamlines (see fig. S5 and table S1 for the involved factors and 
forces characterization). As indicated in previous studies (36, 39), 
the particle trajectory and end position in a sessile droplet are main-
ly related to two factors: (i) the ratio between the attenuation length 
of the acoustic wave (Ls = scss/fcf) and the droplet radius (rd), 
where s, f, cs, cf, and s are the density, acoustic velocity of the 
substrate and fluid, and the wavelength of the SAW in the substrate, 
respectively; (ii) the ratio between the particle size and the acoustic 
wavelength in the fluid ( = kfap), where kf is the wave number in 
the fluid and ap is the radius of the particle. When the wave attenu-
ation length is larger than the droplet radius (Ls > rd), and the parti-
cle size is small compared with the wavelength in the fluid ( < 1), 
particles inside the vortex streaming field will move and concen-
trate to the center. When dealing with nanoparticles, the aforemen-
tioned secondary flow induced by spinning motion will have a drag 
force component in the radial direction and dominate the concen-
tration that can gradually bring the particles inward. We then 
numerically and experimentally proved that nanoparticles can be 
rapidly (within ~1 min) concentrated in the spinning droplet, with 
particle sizes down to 28 nm in diameter, as shown in Fig. 3 (A and B).

Rapid concentration of nanoparticles can enable various applica-
tions such as fluorescence-based biospecimen detection. For instance, 
we can detect DNA molecules in our acoustofluidic centrifuge sys-
tem with a fluorescent dye called SYTOX that enhances its fluores-
cence more than 500-fold upon intercalation with the DNA. As 
shown in Fig. 3 (E and F), by mixing DNA strands with this fluores-
cent marker, this method can substantially enhance the fluorescent 
signal and detect the tagged DNA within a relatively short period 
(~100 s). Figure 3E provides a flowchart of the experimental proce-
dure, where SYTOX orange dye is added into the sample droplet 
that contains the DNA molecules. After intercalation, the DNA will 
start to express a fluorescent signal. However, without concentra-
tion, the fluorescent signal is too weak to be detected (Fig. 3F). In 
contrast, when the acoustic signal is generated and droplet spin is 
started, the DNA is concentrated and the signal is amplified (Fig. 3F). 
To assess the ability to avoid false positives, we noted that while 
only using the SYTOX dye (without DNA molecules) in the 
spinning droplet, there was no enhanced fluorescence observed. 
This proves the capability of our acoustofluidic centrifuge for DNA 
concentration.

In addition to the rapid enrichment of nanoparticles, we also 
showed that the system is capable of differentially concentrating 
nanoparticles of varying sizes. The interplay of the acoustic param-
eters (e.g., frequency and amplitude) and the droplet dimensions 
generates different particle trajectories for different-sized particles 
within the same droplet. As the combined radial force continuously 
pushes the particles toward the droplet center, different particles 
share the same final equilibrium position (center region), while the 
time scale and migration speed for reaching this position are differ-
ent. Specifically, when nanoparticles with two different sizes are 
contained within a spinning droplet, the larger particles will experi-
ence higher acoustic radiation forces and drag forces and smaller 
effects from Brownian motion. Numerical simulations were con-
ducted to show that nanoparticles can be differentially concentrated 
with a small size difference (e.g., the separation of 28- and 100-nm-
diameter particles) as shown in Fig. 4A. Experimental results veri-
fied this effect, as the 100-nm PS particles were concentrated to the 
center of the droplet, while the 28-nm PS particles remained ran-
domly dispersed throughout the droplet (see Fig. 4, B to D). Here, a 

10-l droplet (r = 1.29 m, RPM = 3313 ± 35) was used with an input 
acoustic frequency of 21.7 MHz and a power of 32.4 Vpp.

Dual-droplet acoustofluidic centrifuge
Although nanoparticles of different sizes can be differentially con-
centrated within a single droplet by concentrating the larger parti-
cles to the middle, this single-droplet acoustofluidic centrifuge 
device has a major flaw: In this single-droplet device, differential 
concentration and retrieval of the subsets of nanoparticles are con-
ducted within the same droplet, which unavoidably affects the puri-
ty of the target nanoparticles with distinctive sizes. To address this 
concern, we developed a dual droplet–based acoustofluidic centri-
fuge device that is practical for nanoparticle separation applications. 
The acoustofluidic centrifuge device has two individual spinning 
droplet units connected by a microchannel to provide a particle 
passage. As shown in Fig. 5, by exciting two pairs of SAWs propa-
gating asymmetrically across the flanks of the droplets, both of the 
droplets will spin simultaneously. Two acoustic beams can be 
generated with a single IDT by using a frequency shift keying to 
switch between two different excitation frequencies and excitation 
locations along the width of the IDT (see fig. S7 for configuration 
details).

For this demonstration, two droplets with different volumes are 
used (4.0 and 5.0 l), which correspond to average rotational speeds 
of 6867 ± 160 and 5674 ± 98 rpm, respectively. Different-sized 

Fig. 4. Differential nanoparticle concentration via acoustofluidic centrifuge. 
(A) Numerical simulation results showing the difference in nanoparticle trajectories 
for particles with sizes of 100 nm (red) and 28 nm (blue). While the 100-nm particles 
become concentrated in the center of the spinning droplet, the 28-nm particles 
follow a helical trajectory but remain randomly distributed throughout the drop-
let. GFP, green fluorescent protein. (B, C) Microscope images showing the experi-
mental result of particle separation with 100- (C) and 28-nm (B) particles. Scale bar, 
100 m. (D) Fluorescence intensity along the axis of the droplet showing the con-
centration effect on the 100-nm particles.
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particles were initially seeded into the right droplet, while initially the 
left droplet did not have any particles (Fig. 5E and fig. S9A). After 
the acoustic waves were turned on, particles were separated within 
the right droplet with the larger particles concentrating to the cen-
ter and the smaller particles remaining dispersed within the right 
droplet. However, since the spinning velocity of the two droplets is 
different, there is a deformation speed difference between the two 
domains. Hence, there is an extra spinning–induced radial drag 
force from the high–spin velocity region toward the low-velocity 
region, in addition to convective flow, generated within the fluidic 
channel between the droplets (fig. S8). This mechanism allows for 
the smaller particles, which are dispersed within the right droplet, 
to be transferred into the left droplet. In addition, the acoustic radia-
tion force near the entrance of the right droplet also forces particles 
into the microchannel toward the left droplet. Experimentally, it was 
observed that the acoustic beam (f2 and f4) accelerates the particles 
and pushes the particles into the microchannel. At the same time, 
the acoustic beam (f1 and f3), which has a higher frequency and a 
propagation path closer to the center of the left droplet, further 
accelerates the particles exiting from the channel. After the smaller 
particles enter the left droplet, they are, to a certain degree, further 
concentrated (Fig. 5F and fig. S9, B and C) into the middle of the 

droplet. This is in contrast to the phenomenon observed in the right 
(single) droplet, where the 28-nm-diameter particles remained dis-
persed as the 100-nm-diameter particles are concentrated (as shown 
in Fig. 4B and C). This may reflect the fact that the concentrated 
larger particles reduce the size of the streaming vortex, which will 
prevent the concentration of smaller particles, as also observed in a 
previous study (26).

After separating the two different-sized particle distributions 
using this dual-droplet system, we characterized the separation and 
transport performance by measuring the particle size distribution 
in both droplets using a Zetasizer. As shown in Fig. 5G, most of the 
remaining particles within the left droplet (blue line) had diameters 
less than 100 nm. This indicates that after the separation, the left 
droplet contains mostly 28-nm particles, whereas most of the parti-
cles in the right droplet were 100-nm particles. It is worth noting 
that, on the basis of our experimental observation and characteriza-
tion, to achieve high separation yield and purity, the two types of 
particles would need to have a diameter ratio higher than 1.5, as the 
force difference would be large enough to achieve separation instead 
of simultaneous concentration in one droplet.

We also used this dual droplet–based acoustofluidic centrifuge 
system to perform exosome subpopulation separation. Exosomes 

Fig. 5. Particle separation and transport via a dual-droplet acoustofluidic centrifuge. (A) Schematic of the dual-droplet acoustofluidic centrifuge. This dual-droplet 
functionality is achieved using binary frequency shift keying, which involves sequentially shifting between two frequencies for each IDT. With a high shifting frequency, 
two droplets can be rotated simultaneously. The two droplets are connected by a microchannel, which serves as the passage for particle transport. Here, the specific 
frequencies are 15.3 MHz (f4), 15.7 MHz (f3), 20.3 MHz (f2), and 21.7 MHz (f1), with a shifting frequency of 100 kHz. (B) A composite image showing the particle trajectory 
through the center channel. (C) The Fourier transform of the waveform plot of a fixed point on the droplet as it spins, indicating the peak rotational frequency of the two 
droplets with different volumes. (D) Image sequence showing the top view of dual-droplet acoustofluidic centrifuge. Fluorescence images (E) before and (F) after the 
acoustic signal is turned on, showing the nanoparticle separation and transport from one droplet to another. Inset: Fluorescence image of the middle channel indicating 
the particle transport process. (G) Particle size distribution comparison between the pre- and postseparation samples. The original sample, which was placed into the 
right droplet, has two peaks at 28 and 100 nm. After separation, most of the 28-nm particles have been separated and have been transported to the left droplet, which 
has only one peak at 28 nm. Scale bars, 200 m.
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are nanoscale extracellular vesicles (30 to 150 nm) that carry molecular 
cargo from their cell of origin. They have emerged as a potentially 
powerful vector for biomedical research, biomarker discovery, dis-
ease diagnostics, and health monitoring (42, 43). It has been reported 
that exosomes have three distinct subpopulations (i.e., large exo-
somes, 90 to 150 nm; small exosomes, 60 to 80 nm; and exomeres, 
~35 nm), which exhibit different physical and biological properties 
(44–46). Among these three subpopulations, exomeres, a nonmem-
branous nanoparticle, have the smallest size and distinctive cargos 
compared with the other two subpopulations. While the recent dis-
covery of exosome subpopulations has excited researchers because 
of their potential to revolutionize the field of noninvasive diagnos-
tics, exosome subpopulations have yet to be used in clinical assays; 
this is largely due to the difficulties associated with separation of the 
nanosized exosome subpopulations. Since our dual-droplet acousto-
fluidic centrifuge system can concentrate and separate nanoparticles 
with a fine size difference, we have used it to perform exosome sub-
population separation. We initially placed the exosome sample into 
the right droplet and began the experiment with pure phosphate-
buffered saline (PBS) in the left droplet. The nanoparticle size dis-
tribution from the original sample and that within the right droplet 
after separation were extracted using the pipettes (see fig. S10 for 
schematic of sample extraction) and measured using a nanoparticle 
tracking analysis (NTA) system. As shown in Fig. 6 (A to C), in the 
original sample, there are multiple peaks within the size range of the 
exosome subpopulations beneath the 150-nm size range. After the sepa-
ration and transport process, there are two major size distribution 
peaks that remain in the right droplet. Meanwhile, in the left drop-
let, most of the particles measure below 50 nm. The structures within 
the three different samples (original, right droplet after separation, 
and left droplet after separation) were transmission electron micro
scopy (TEM) imaged (Fig. 6, D to F, left), which supported the re-
sults of the NTA measurements. Figure 6 (D to F, right) provides 
exosome counts from the TEM images and shows a larger percentage 
of exomeres in the left droplet, again supporting the NTA measure-
ments. These results demonstrate that this dual-droplet acousto-
fluidic centrifuge system can be used to rapidly fractionalize exosome 
samples into different subpopulations. It is worth noting that the 
peaks of the particle size distribution from the NTA measurement 
have small shifts before and after separation. This phenomenon may 
be due to the blocking effect of the intense light scattering of large 
particles as the size of the particle distributions are different in the 
pre- and postseparation sample. This insufficient polydisperse 
sample resolution, although difficult to avoid, may be reduced by 
minimizing the large nanoparticle effect from particles with size 
ranges out of the realm of interest (see fig. S11).

DISCUSSION
Our acoustofluidic centrifuge uses SAWs to push a droplet out of its 
equilibrium shape and forces it to spin on its center vertical axis 
when the fluid boundary is partially confined. This rotational velocity 
is independent of the acoustic parameters but closely related to the 
radius of the droplet. This allows the spin rate to be tuned by either 
changing the volume of the droplet or the size of the PDMS con-
finement ring. Meanwhile, this spin motion can also be extended to 
different organic liquids (fig. S12) that are often used for cell/
nanoparticle handling (e.g., PBS, cell culture medium, or bovine 
serum albumin). In a spinning droplet, Stokes drift rotates and 

forms a closed path, creating a helical trajectory that particles inside 
the droplet will follow toward the droplet center. This effect is similar 
to the observations in a recent study into liquid-interface meta-
materials (47), where the Stokes drift serves as a pathway for wave 
momentum to be transferred into the fluid and influence particle 
motion. Although this analogy between the two different systems is 
remarkable, the difference is stark as well. With the acoustofluidic 
centrifuge system, high-frequency acoustic waves will propagate into 
the fluid and generate acoustic streaming and acoustic radiation 
forces, which both act on the particles and push the particles toward 
the center of the droplet, as opposed to along specific orbits. The 
spinning of the droplet not only enables the helical trajectory but 
also increases the speed of particle concentration by a factor of ~102 
to 103 times by substantially enhancing the streaming velocity along 
with the secondary flow–induced radial drag force for nanoparticles. 
All of these phenomena form an interesting and functional system 
that bridges the gap between acoustofluidics and nanoscale bioparticle 
manipulation.

On the basis of experiments and numerical simulations, we have 
shown that particles with sizes ranging from several nanometers 
(i.e., DNA molecules) to micrometers can be rapidly concentrated 
in our acoustofluidic centrifuge system. Furthermore, a practical 
method to separate nanoparticles with different size distributions 
was demonstrated using a dual-droplet acoustofluidic centrifuge 
system. This dual-droplet system could be further expanded to a 
multistage nanoparticle separation or enrichment system in which 
multiple (>2) groups of nanoparticles can be separated into different 
outlets in one device. Many bioparticles have sizes that range in the 
nanoscale or submicrometer scale (e.g., DNA, exosomes, bacteria, 
proteins, or viruses), and the enrichment and separation of these 
bioparticles are of great importance in biology, chemistry, and med-
icine. However, the current methods for nanoparticle enrichment 
and separation, such as ultracentrifugation, often require a large 
sample volume (typically >10 ml) and a long processing time (several 
hours to several days) with relatively low yield (5 to 50%) and purity 
(23 to 70%) (48, 49). By combining acoustic waves and fluid motion, 
this acoustofluidic centrifuge has advantages in both of these regards. 
This device can flexibly handle smaller sample volumes ranging 
from nanoliters to microliters, and processing times (1 min or less) 
are much shorter than currently available nanoparticle concentration/
separation mechanisms while a relatively high yield and purity 
(>80%) can be sustained (see table S3 for the comparison of differ-
ent nanoparticle/exosome separation techniques). Furthermore, it is 
an open microfluidic device with a simple fabrication process. This 
allows for easy accessibility to the droplet via a pipette, eliminating 
the need for external pumps, valves, or other flow control devices 
(50). However, some remaining issues of our method should also be 
noted that can be improved with future study. One is a low sample 
volume (below 20 l) that can be processed at one time; this low 
sample volume is a result of needing to have a strong enough spin-
ning speed and internal streaming velocity. Meanwhile, as an open 
microfluidic design, it will still suffer from potential evaporation 
problems if a long processing time is required. These issues might 
potentially be improved by optimization of device parameters or 
temperature and moisture control with future development.

The effects of different factors involved in the operation of this 
acoustofluidic centrifuge have been explored in our study to better 
understand and improve the device performance. For example, if 
the streaming within the droplet is too strong, then it may induce 
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the redispersion of concentrated particles, especially in smaller 
droplets that have a high rotational velocity. On the other hand, if 
the streaming is too weak, then it may cause insufficient enrich-
ment. Thus, device-operating parameters must be optimized for 
particular applications. In our acoustofluidic centrifuge, many 
factors need to be considered for optimizing nanoparticle motion 
within the rotational vortex (e.g., Brownian motion, the extra shear 
rate, and the secondary flow drag force in the spinning droplet). In 
this regard, we performed numerical simulations to investigate the 
interaction between these factors. This simulation model is presented 
as an efficient tool to estimate the proper streaming velocity and 
radial force that is needed to concentrate/separate nanoparticles 
with different size distributions, and the trajectories of different-
sized particles could be simulated and traced as well. Moreover, the 
numerical simulation was used to isolate the effects of droplet spinning 
motion from acoustic streaming (fig. S13), which is difficult to 
observe during experimentation because the particle motion within 
the droplet is an intertwined effect combining these two motions. 
Increasing our understanding of how these forces individually affect 
the particle motions within the droplet could lead to a more effi-
cient acoustofluidic centrifuge system in the future.

In summary, we demonstrated an acoustofluidic centrifuge plat-
form that can efficiently and rapidly enrich or separate nanoscale 
bioparticles. We believe that this platform can substantially simplify 
and speed up sample processing, detection, and reagent reactions in 
various applications such as point-of-care diagnostics, bioassays, 
and liquid biopsies.

MATERIALS AND METHODS
Device design, fabrication, and operation
The slanted IDTs (5-nm Cr and 50-nm Au) were fabricated on a 128° 
Y-cut lithium niobite (LiNbO3) wafer (Precision Micro-Optics, USA) 
using standard photo-lithography followed by electron beam evap-
oration and a lift-off process. Silver epoxy (MG Chemicals, USA) was 
used to connect wires to the IDT electrodes. The microchannels were 
fabricated by standard soft lithography and a mold-replica procedure. 
The PDMS rings were cut to the desired size from a 0.55-mm-thick 
PDMS film using punches (Robbins Instruments, USA). The PDMS 
parts and LiNbO3 substrate were bonded together after 3 min of treat-
ment in an oxygen plasma cleaner (Harrick Plasma, USA). Three slanted 
IDT configurations used in our setup corresponding to different droplet 
volume ranges (~10 l, ~1 l, and ~100 nl). The first has an electrode 
finger width and spacing gap that decrease linearly from 140 to 70 m, 
corresponding to SAW frequencies from 7 to 14 MHz. The second has 
finger widths from 75 to 35 m, corresponding to 13 to 28 MHz. The 
third has widths from 32.5 to 17.5 m, corresponding to 30 to 56 MHz. 
Two function generators (DG 3012C, Teletronics Technology Corpora-
tion, USA) and two amplifiers (25A250A, Amplifier Research, USA) 
were used to activate a pair of slanted IDTs and to generate SAWs. For 
the acoustofluidic centrifuge system with dual spinning droplets, the mi-
crochannel was designed with a width of 200 m and height of 100 m.

Droplet generation and sample preparation
The micro droplets were generated using a pipette, and the nano 
droplets were generated using 1- and 0.5-l microvolume liquid 

Fig. 6. Exosome subpopulation separation and transport in an acoustofluidic centrifuge. (A) The particle size distribution (left) of the original sample analyzed using 
NTA. The corresponding transmission electron microscopy (TEM) image (middle) is taken from each respective sample. Insets: Magnified images of the exosome sample 
with different sizes, with plots providing the total particle size distribution as measured in each TEM image. (B) The particle size distribution of the sample in the right 
droplet after the separation and transport process, and corresponding TEM images and plots. (C) Particle size distribution of the sample in the left droplet. Particles with 
a diameter less than 50 nm are transported from the right droplet to the left. The corresponding TEM image and plots are also provided. Scale bars, 200 nm (TEM image) 
and 50 nm (insets). Each set of the NTA data was obtained from at least three NTA assays. The black line and the red area represent the fitting curve and the error bar, 
respectively. For each individual sample used for NTA measurement, five subsamples are collected and combined to provide sufficient particle numbers for measure-
ment. Each counted particle percentage plot is averaged from TEM images from five individual trials (see table S2 for detailed count and percentage for each sample).
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syringes (Scone Equine Group, AU). Ten-micrometer-, 5-m-, 1-m-, 
970-nm-, 530-nm-, 100-nm-, 51-nm-, and 28-nm-diameter PS parti-
cles (Sigma-Aldrich, USA; Bangs Laboratories, USA) with different 
fluorescence tags are used in the experiments. Deoxyribonucleic 
acid chains from herring sperm in solution (Sigma-Aldrich, USA) 
were tested after staining with a SYTOX orange dye (Thermo 
Fisher Scientific, USA).

Small extracellular vesicle preparation procedure
The exosome sample was isolated from human plasma (Zen-Bio, USA) 
with a concentration of ~106/ml using differential ultracentrifuga-
tion. The general procedure is as follows:

1. Thaw plasma in a 37°C water bath until all the crystals of ice in 
the tubes have disappeared. After thawing is complete, mix the sam-
ples by gently vortexing for 10 s.

2. Centrifuge 45 ml of plasma at 3000g for 10 min at 8°C.
3. Dilute cleared plasma with PBS and spin at 10,000g for 30 min 

at 8°C. Resuspend and collect 10,000  pellets in 1.0 ml of PBS per tube.
4. Wash resuspended pellets using a 30-min spin at 10,000g 

at 8°C.
5. Spin supernatant at 103,745g for 4.5 hours at 8°C. Resuspend 

and collect 100,000 pellets in 0.5 ml of PBS per tube.
6. Combine resuspended plasma 100,000 pellets (2 ml in total), 

add 4 ml of PBS, and place on top of a three-part OptiPrep cushion 
(2 ml 50%/2 ml 30%/2 ml 10%). Centrifuge at 178,000g for 2 hours 
at 4°C. Collect 1 ml of the 30%/10% interface ( = 1.06 to 1.16 g/ml).

7. Dilute OptiPrep 30%/10% interface to 12 ml with PBS and 
spin at 120,000g for 2 hours at 8°C.

8. Resuspend pellets in 200 l of PBS and analyze using NTA for 
confirmation.

Image acquisition and analysis
The microscope images and videos were acquired using an inverted 
microscope (TE2000-U, Nikon, Japan) equipped with a fast camera 
(Photron, Japan). The droplet spinning motion is captured with a 
frame rate of 3000 fps and analyzed using ImageJ [National Institutes 
of Health (NIH), MD, USA] and MATLAB R2016b (MathWorks, 
USA). The side view of the droplet spinning was captured using the 
Slow Mo mode of a cell phone with a frame rate of 240 fps. The 
postprocessed exosome sample was collected and visualized using 
TEM (FEI Tecnai G2 Twin, FEI Company, USA) and a negative 
staining method. The nanoparticle size distribution and concentration 
pre- and postprocessing were analyzed using the Malvern Zetasizer 
(Malvern Instruments, UK) and NTA with a NanoSight LM10 ap-
paratus (Amesbury, UK).

Numerical simulation of droplet spin and particle trajectory
Detailed numerical formulation, model description, force analysis, 
and parametric assessment can be found in the Supplementary 
Materials.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/1/eabc0467/DC1
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