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Note S1: Analysis of droplet spin

In our experimental configuration, a droplet is resting on a piezoelectric substrate and confined by a
PDMS ring. Exciting the slanted IDTs causes two surface acoustic beams to propagate along the
substrate and to enter the droplet. The acoustic radiation pressure created by these beams can induce
both liquid-air interface deformation and vortex streaming inside the droplet. At this point, the droplet
is subject to an increasing angular momentum and starts to spin about its vertical axis. With the spinning
motion, the shape of the droplet evolves into a family of axisymmetric concave ellipsoid shapes. In the
experiment, we found that the rotational velocity fits with the velocity of the normal mode (Raleigh)
oscillation as shown in Eq. (1) (33). Although the rotational speed is primarily related to the radius,
density, and surface tension of the droplet, the acoustic waves mainly induce inertial flow (i.e., the
primary internal streaming and secondary azimuthal flow) which may influence the droplet shape and
motion as well (38).

We investigated how different acoustic parameters (e.g., frequency, amplitude) may affect the
droplet spinning motion as shown in Figure S(1)-(2). Analyzing the spinning droplet allows us to extract
a radial waveform from a point on the spinning droplet for further analysis. As shown in Figure S1(c),
the slanted IDTs can generate acoustic waves with different frequencies at different spatial locations. To
verify this effect, we used a frequency sweep and extracted the resulting position waveform variation
with time. Furthermore, we investigated varying the applied frequency and changes in the droplet shape
via a wavelet transform of the positional waveform. The x-axis and y-axis show the time and frequency
of the droplet spin, respectively, and the intensity of the wavelet map indicates the intensity of the
waveform, which corresponds to the major axis length of the oblate ellipsoid droplet. It was found that
with different acoustic wave frequencies, the droplet spinning frequency changed insignificantly,
although there is a small fluctuation that may due to undesired turbulence. Meanwhile, at higher
frequencies (9.5-11 MHz), it is found the wavelet intensity is stronger than at lower frequencies (7.5-9

MHz). This shows that at a higher frequency the droplet tends to get pulled apart and deform more



severely. At the same frequency, we also studied the influence of the acoustic amplitude, as shown in
Figure S2. Notably, we found that with a slight increase in the acoustic amplitude within a small range,
the droplet shape will slightly fluctuate and form a 4-lobed shape. As the angular momentum
accumulates to a higher amplitude, the 4-lobed shaped droplet will gradually deform and transition into
a 2-lobed shape. Meanwhile, the higher acoustic power will induce a stronger deformation in the droplet,
which is indicated by the higher intensity of the wavelet transform. As indicated in Eq. (2), we can also

obtain the radial and tangent velocity as:

d ,t .
Varop-radiat (@, 1) = T2 = a[1 — gosin (w;t)cos (I + )] (S1)
and
Vdarop—-tangent (@, 1) = w;r(e,t) (S2)

which can be utilized to calculate the particle trajectory in combination with the vortex streaming.

As discussed above, with a relatively low acoustic excitation energy, the droplet can form a 4-
lobed shape while rotating. We further investigated if other mode shapes could be excited by the acoustic
waves. Experimentally, we observed that with larger droplet volumes, higher spinning modes can be
generated at lower acoustic excitation amplitudes. As shown in Figure S3, 4-lobed and 6-lobed shapes
are observed with droplet volumes of 30 puL and 60 pL, respectively. And, with a higher acoustic
amplitude and a longer spin time, the droplet will eventually become a stable 2-lobed shape and keep
spinning at the same velocity as the higher spin mode. The 2D droplet spinning motion and the
corresponding velocity field and shear rate are simulated using Comsol Multiphysics 5.4 as described in

Note S5.

Note S2: Vortex streaming and particle trajectory characterization
As the acoustic wave propagates into the droplet from its two flanks, bulk acoustic streaming is generated

because of the closed volume of the droplet (39). Acoustic streaming is the time-averaged steady flow



that is created as a result of Reynolds stress, where a gradient in the momentum flux forces fluids to flow
in association with a dissipation of acoustic energy flux. As the droplet spins, a single streaming vortex
can be formed inside the droplet. The particle trajectory can be calculated via integration of the velocity,

which combines the vortex streaming field and droplet spinning motion:
t
Xradial = fo Vdrop—radial + Vvortex—radialdt (83)

t
Xtangent = fo Varop—tangent + Vvortex—tangentdt (84)
The FEM-based software package, COMSOL Multiphysics 5.4 (the COMSOL group) is utilized to

calculate the particle trajectory. The details are stated in Note S5.

Note S3: Drag force calculation
The common Stokes drag force Fy = 6mnr,v is applicable for fluids with relatively low Reynolds
numbers (Re < 1) (51). In a single-droplet acoustofluidic centrifuge system, the fluid velocity is
relatively large (in a rotating 30 pL droplet, the typical flow velocity is 40-80 mm/s), which yields a
Reynolds number of Re = (pgvL)/u > 1 (in a 30 pL droplet, Re is about 40, the maximum Re used in
the experiments was ~135), where p¢, v, L, and u are density of the fluid, flow velocity relative to the
particle, characteristic linear dimension (droplet dimension), and dynamic viscosity, respectively.

Thus, we calculated the hydrodynamic force using the Schiller-Naumann model (51, 52), which

is applicable when Re > 1:

3uCpReyrmy
H — 2
4ppdp

(S3)

_ prlvildy

where Cp = % (1+ 0.15Re, %), Re, , and p,, d,,, m,, are density, diameter, and mass of

the particle, respectively.



Note S4: Theory and numerical models of internal acoustic streaming
The internal acoustic streaming in the droplet confined by a PDMS ring are governed by equations (53,
54)
poV-v=0 (So6)
po(v - V)V = —Vp + V20 + (1y + 1) V(V-v) + F (S7)
where the variables v and p are the streaming velocity and pressure in the liquid, and the parameters p,,
u, and p,, are the liquid density, shear viscosity, and bulk viscosity, respectively. The acoustic streaming

is activated by a body force F induced by leaky SAW propagation which is relative to the acoustic

particle velocity (v;) following (53, 54)

b = —pu (255 + 25 25 s
5= o (5 25025 5w
= =0 (S 0 ) st
The leaky SAW velocity of waves propagating in +y direction can be expressed by(56)
u, =0 (S9a)
v = iw(Ape'@teikLy g=akiz) (S9b)
wy = iw(—iade'te kLY g=akiz) (S9¢)

where A,, is the amplitude of substrate vibration, k; is the wave number of the leaky SAW, and « is the

attenuation coefficient, respectively. By substituting Egs. (S9) into Egs. (S8), the streaming force can be

express by
E, =0 (S10c)
F, = —(1 + a?) A% w?k;el?kiytaikiz)] (S10c)
E, = —(1 + a?)A%,w?k;a,e2ky+aikiz)] (S10c)

in which a = ia;.



The FEM-based software package, COMSOL Multiphysics 5.4 (the COMSOL group), was
employed to numerically solve Egs. (S6) and (S7) which govern the acoustic streaming in the droplet. A
predefined “laminar flow” interface was used to solve the equations. The body force in Egs. (S10) was
applied by adding a “volume force” condition. The boundary conditions on the water-solid interfaces
were set to “no slip” (u = 0), which confines the velocity on the PDMS wall and substrate to be zero.
And the boundary condition on the droplet-air interface was set to “slip” (u-n =0; K,, — (K, -n)n =
0, where K,, = u(Vv + (Vv)T)n), which prescribes a no-penetration condition and assumes no viscous
effects at the slip wall (55). The physics was solved via the COMSOL “stationary” solver. The value of

some key parameters for the simulation are listed below.

Note S5: Numerical models of 2D particle trajectories in an acoustofluidic centrifuge

2D numerical models were solved using COMSOL Multiphysics 5.4(55) to investigate the flow field
and particle movement on a horizontal cross-section (xy-plane) of the spinning droplet in an
acoustofluidic centrifuge and to examine how the phenomenon responds to changes in parameters of
interest (e.g., spin velocity, streaming velocity, shear rate, and particle size). The simulation domain was
set to a quasi- ellipse with major semiaxis of R, and minor semiaxis of R, for droplets with deformation,
or a circle with radius of R for droplets without deformation. The center of the domain was placed at
spatial point (0, 0).

A predefined “Laminar Flow” interface was applied to the solution domain to solve the flow field in the
domain governed by Eqgs. (S6) and (S7). The “slip” (u - n = 0) boundary, which confines the normal
component of the velocity on the boundary to be zero, was applied to the profile of the quasi-ellipse
(droplet-air interface). A “Volume Force” condition was added to apply the streaming force generated

by two leaky SAW beams propagating in the +y and -y direction into the two flanks of the droplet. The



streaming force follows the expression in Eq. (S11a) and Eq. (S11b) for +y and -y SAW propagation,
respectively:

E, = —(1 + a?)AZ w?k;e* (S11a)

F, = (1 + a?)A%w?k;e?*i(Ra=) (S11b)
where A,, is the amplitude of substrate vibration, k; is the wave number of the leaky SAW, and « is the
attenuation coefficient, respectively. The spin motion of the droplet was modelled by applying a
“Rotating Domain” condition (under “Moving Mesh” interface). The simulation domain was defined to
rotate at a constant speed of f,. revolutions per second. The value of f,, was set within the range of 0-55
according to the experimentally measured value in each single case. The “Laminar Flow” and the
“Rotating Domain” interfaces were solved together in the time domain to simulate the flow filed induced
by leaky-SAWs propagation and spin of the droplet.

A “particle tracing for fluid flow” interface was applied to follow particle motion in the spinning
droplet under the forces that might arise. The density and diameter of the particles were set in the
“Particle properties” condition. The density of the PS particles was set to 1,050 kg/m? and the diameter
of the particles was set to either 28 nm, 100 nm, or 1 um. The particles were released either randomly
using a “Release” condition with setting the number of particles, or regularly using a “Release from

Grid” condition with defining the initial coordinates of the particles. The velocity of the particles (v)

d(mpv)
dt

induced by external forces (F;) was governed by the equation = F,. The forces were applied to

the particles suspended in the fluid domain. In this case, we mainly considered two external forces, which
are the acoustic radiation force and secondary-flow drag force. A “Drag Force” condition was added to
apply the component of drag force induced by the flow velocity induced by leaky-SAW propagation and
spin of the droplet (u). The drag force follows the expression in Note S3. Since the acoustic radiation
force and another component of drag force induced by droplet compression and expansion directed

towards the center of the domain, a “Force” condition was applied to represent the combined effect of



these radial force components. The value of this radial force was adjusted in the ranged from 0 N to 10"
19 N for different cases. These physical systems were solved using a time-dependent solver
simultaneously with a step of 0.0001 s for 1 um particles, and 0.000005 s for 28 nm and 100 nm particles.

The detailed parameters used in the simulation are listed in the Table S4.

Supplementary Figures.
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Figure S1: The influence of the acoustic frequency on the droplet spin speed in an acoustofluidic
centrifuge. (a) The top view of the rotating droplet captured under a microscope. (b) Schematic of the
experiment setup, where the slanted IDTs were excited with different frequencies corresponding to
different spatial locations along the width of the black frame. (c) From top to bottom: the extracted
waveform; the wavelet transforms of the waveform; the enlarged slanted IDT area; and, a plot of the
excitation frequency versus time. The results show that frequency tuning has little influence on the
droplet spin speed, except when the acoustic wave propagates into the droplet along the central area of
the droplet. When the SAW enters the center of the droplet, very little rotation was observed due to a

lack of rotational inertia being imparted into the flanks of the droplet.
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Figure S2: The influence of the acoustic power on droplet spin in an acoustofluidic centrifuge. The
frequency is set to be 11 MHz, the excitation Vpp is tuned from 0 V to 40 V. (a) The waveform extracted
from the spinning droplet. (b) The wavelet transforms with respect to changes in time. (c) Plot showing
how the input voltage was varied as a function of time. At different voltages, the droplet starts to rotate
from its equilibrium state and forms multiple lobes. As the voltage increased, both the acoustic radiation
pressure and the centrifugal force increases, and the droplet gradually becomes a 2 lobed shape while
maintaining its spin. Although there is a gradual shape change as the droplet starts to spin, the rotational

velocity remains constant.



Figure S3: Photos (left) and outline comparisons (right) between the droplet (blue circle) and a
fitted line (red line) for different droplet spin modes in an acoustofluidic centrifuge. (a) The initial
equilibrium shape, (b) 2-lobed shape, (c) 4-lobed shape, and (d) 6-lobed shape, respectively. Red lines
show the theoretical calculated outline, and blue circles indicate the experimental results extracted via

image processing.
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Figure S4: Simulation result showing the particle concentration due to the droplet spin and
periodic boundary deformation. (a) Schematic of the droplet deformation during spin motion. (b)
Boundary condition used for the simplified model simulation. A fluid region in the droplet is simulated
with velocity profile added to two sides of the region (i.e., “velocity” boundary condition). On both sides,
the normal outflow velocity is set to be periodic (i.e., Acos(4mft), where A is the velocity amplitude of
the periodic deformation, f is the spin frequency which is the half of the deformation cycle along the
radial direction) and inverted in order to simulate the flow field during the continuous compression and
stretching. The other two sides are set as the “no pressure” boundary condition. (¢) The particle motion

under different time frames; with certain spinning cycles, the particles will be focused to the middle of



the droplet. (d) Particle position along the x-axis (aligned with the velocity direction) changes as the time

varies. With a small displacement vibration, particles are gradually concentrated to the middle region.

a xio0 B X10-12
500 ‘ 10 500 e 1 E
9
— — 5
E 8 E
c 7m £ 4T
(] 6% © =)
N o N Q
7] 5@ 7] 30
3 42 3 z
£ 3 £ 2
© ©
o 2 o
1
1
20 20
0 120 10 50

Flow velocity (mm/s) Frequency (MHz)

Figure S5: Factors that influence the particle motion within the spinning droplet in an
acoustofluidic centrifuge. (a) Plot of the drag force effect (combined flow velocity) on the nanoparticles

with different particle sizes and flow velocities. (b) Plot of the acoustic radiation force that acts on the

nanoparticles with different particle sizes and frequencies.



Figure S6: Experimentally observed particle trajectories within the droplet in an acoustofluidic
centrifuge. Particle trajectories (a) without rotational motion of the droplet where particle motion is due

to a small input voltage, and (b) within a stable spinning droplet.
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Figure S7: Dual-droplet acoustofluidic centrifuge. Acoustic beams with different frequencies are
generated from different positions along the slanted IDTs (left). The orientation of the beams were
chosen so that the beams would enter the droplets off the center axis and cause spinning. In order to
generate two beams using a single IDT, frequency shift keying is used to repeatedly alternate between
excitation signals (f1 and fs for example) at a frequency of 100 kHz, corresponding to a 10 us time

window for each excitation period (right).



Figure S8: 3D flow field in a dual-droplet acoustofluidic centrifuge system. (a) The simulated 3D
flow field in the dual-droplet system. (b) The flow fields at different z-planes in the microchannel. Details

about the governing equations and the simulation model setup can be found in Supplementary Note S3.
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Figure S9: The separation and enrichment of particles with diameters of 500 nm and 970 nm via
a dual-droplet acoustofluidic centrifuge. (a) Image showing the initial state before the acoustic field
is turned on. The right droplet contains the particle samples and the left droplet is initially blank. (b)
Image after the acoustic field is turned on; 500 nm particles are separated and transferred to the left
droplet, and the 970 nm particles remain in the right droplet. After size-based separation, the respective
particles are enriched in both droplets. Scale bar: 500 pm. (c) Bright-field image of the separated and
enriched particles within the respective droplets. Both the left and right droplets show particle clusters

at their centers.
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Figure S10: Schematic of the procedure of the particle transport and separation in dual-droplet

acoustofluidic centrifuge. (a) The original system state contains one droplet (right) with the sample and
one blank droplet (left). (b) With acoustic waves exciting, larger particles (red) are concentrated to the
middle of the right droplet and the small particles (green) are gradually transferred to the left droplet. (¢)
After the separation and transport process, particles with different sizes are immersed in different

droplets. Then two pipettes are used to extract the sample from droplets, respectively.



L

(=2
T
o
o
2

(2]
el
o
3

x100

1.2
3 = 12l 62 5 | w2l
I 27 _El 1.2 E 10}
S 6l E S
é % 10} % sl
5l Original sample § °¢f Rightdroplet 5§ | Left droplet
5 52 5 oo 5
= 5 = 04F
g, £ oaf g
£ = g
g 112 8 o2f 149 g o2}
5 165 5 £ 00
(& L
(&) L P P ) 0.0 i " O 00 i " L i i L L i )
0 50 100 150 200 250 300 350 400 450 500 0 50 100 150 200 250 300 350 400 450 500 0 50 100 150 200 250 300 350 400 450 500
Size (nm) Size (nm) Size (nm)

Figure S11: The NTA measurement of the exosome sample size distribution with 200 nm gate for
(a) original sample, (b) post-process sample in right droplet, and (c) post-process sample in left droplet.
The exosome sample was filtered through a 200 nm filter before the processing in the acoustofluidic

centrifuge system.
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Figure S12: Droplet spinning speeds achieved with different organic liquids. Two different volumes
were tested with a droplet radius of 1.1 mm for 5 pL and 2.5 mm for 50 pL. Purified water (as a control),
PBS, cell culture medium (CCM) with 10% fetal bovine serum (FBS), cell culture medium, and Bovine

Serum Albumin (BSA) solutions were tested as the five examples.
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Figure S13: Particle motion comparison between non-spinning and spinning droplets. (a, b)
Simulated particle trajectory (a) without and (b) with droplet spin. Particle trajectory shows stronger
motion towards the droplet center when spinning. (¢, d) Experimental particle trajectory (top) and status
at 1 second (bottom) for the (¢) without and (d) with droplet spinning conditions. Since droplet spin
motion is driven by acoustic power, slight power differences are used for without (~5 Vpp) and with (~8

Vpp) droplet spin.



Table S1: Force characterization for particle motion in a spinning droplet.

Force magnitude Force
F 5 o F la(51, 52 7
orce N) direction ormula(31, 52, 56, 57)
Drag force (vortex streaming) ~0-1071° Tangential Fy= %w
3uCpRe,m,
Fy = —4ppdpz R
-l fi let .
Secondary-flow drag orce (drople ~0-101 Radial o, < AR
deformation) Ta
Raropter = (Rmax = Ronin) sin(270(2ipin)t)
+ Riin
1 Dy
Pressure gradient force (tangential) ~0-10""7 Tangential R
1. Dug
Pressure gradient force (radial) ~0-10""7 Radial T
i -y s 3mf
Acoustic radiation force ~0-10"13 Partially Fraa = =V e P> "7
radial < vy v >}

* The forces are calculated for 100 nm particle in a 10 pL droplet (1.29 mm radius and 55 fps spin speed). Acoustic radiation force is calculated with 21.7

MHz, 300-800 kPa pressure amplitude.



Table S2: Exosome subpopulation distribution count and percentage of the pre- and post-

separation samples for each trial.

Trial 90-150 60-80 ~35 nm Total 90-150 60-80 nm ~35nm
number nm nm (count) nm (percent) (percent)
(count)  (count) (percent)

#1 9 8 13 30 0.30 0.27 0.43

#2 6 5 18 29 0.21 0.17 0.62

Original #3 4 12 13 29 0.14 0.41 0.45

#4 2 2 9 13 0.15 0.15 0.69

#5 3 12 8 23 0.13 0.52 0.35

Average: 0.186 0.304 0.508

STD: 0.071 0.159 0.141

#1 10 7 4 21 0.48 0.33 0.19

#2 9 13 5 27 0.33 0.48 0.18
Left droplet

(post- #3 6 8 3 17 0.35 0.47 0.18
separation)

#4 4 12 2 18 0.22 0.67 0.11

#5 5 12 2 19 0.26 0.63 0.10

Average: 0.328 0.516 0.152

STD: 0.100 0.137 0.043

#1 0 2 10 12 0.00 0.17 0.83

Right #2 0 2 7 9 0.00 0.22 0.78

droplet #3 1 2 14 17 0.06 0.12 0.82

(post-

separation) 4y 0 2 7 9 0.00 0.22 0.78

#5 0 0 9 9 0.00 0.00 1.00

Average: 0.012 0.146 0.842

STD: 0.027 0.091 0.091




Table S3: Comparison of different nanoparticle/exosome separation techniques

Ability to
. Yields  Puri Unbiased separate .
Techniques (%) % )ty Throughput isolation exF(J)some Advantages Disadvantages
subpopulations
Di fferential I;ziﬁelgrsgilelzg Expensive
Ultracentrifugation 5-25 ~33 ~8h Yes Limited e ? equipment,
Unbiased . .
(49, 58, 59) . relatively low yield
separation
Polymer-assisted . Multiple procedures
precipitation 40 40 ~12h Yes Limited Sg“;’r‘:fl‘zi needed,
(49, 60, 61) P long processing time
Long sample
Immunoaffinity- Ability t arat preparation time,
based capture beads ~ 3-12 ~60 18-24h No Limited thty to separate 4 y;tional washing
disease-related
(48, 49, 62, 63) process needed,
exosomes . .
biased separation
bi?;gu;?;g‘gzggc Ability to separate Additional washing
chips 7-33 ~68 ~2h No Limited disease-related process needed,
(48,49 % 4, 65) exosomes biased separation
High separation
Field flow reS(iLus:r;,rzlt)elhty Multiple procedures,
fractionation 5-25 ~33 ~10h Yes Yes P Specific membrane
exosome sub- .
(44, 48, 49) . required
populations
Ability to separate
exosome sub- L le vol
- populations, ow sample volume
Acoustofluidic 80-86 8296  ~35seconds Yes Yes high speed, perassay,
centrifuge Lo : potential evaporation
high yield, high issue

purity, simple
configuration




Table S4: Detailed parameters for numerical simulations.

Parameter Symbol Value
Density of the liquid Po 997 kg/m’
Shear viscosity of the liquid u 1x1073 Pa-s
Amplitude of substrate vibration An 1.5 nm
Frequency of the SAW beams f 13 MHz, 21.7 MHz
Major semiaxis of the elliptical droplet R, 1.5 mm
Minor semiaxis of the elliptical droplet R, 1.2 mm
Radius of the circular droplet domain R 1.29 mm
Rotational velocity of the droplet fr 0-55 1/s
Density of the PS particles Pp 1050 kg/m’
Diameter of the PS particles dy, 28 nm, 100 nm, 1 pm
Amplitude of the radial force E, 0-1x10"°N




Supplementary Movies.

Movie S1. Droplet spinning motion under two viewpoints. This video was captured at 240 fps and
replayed at 30 fps.

Movie S2. Top-view droplet spin observed under microscope. This video was captured at 3000 fps and
replayed at 120 fps.

Movie S3. Particle trajectory tracking under the fluorescence microscope. This video was captured at
3,000 fps and replayed at 120 fps.

Movie S4. Fluorescent images showing the concentration of 28 nm polystyrene particles in a spinning
droplet. This video is in real-time.

Movie S5. Fluorescent images showing the concentration of DNA molecules in a spinning droplet. This

video was captured at 30 fps and replayed at 120 fps.
Movie S6. Simulation results showing the helical shaped particle trajectory in a spinning droplet.

Movie S7. Simulation results showing different particle trajectories and corresponding separation

phenomenon. Particle color: Blue 28 nm, Red: 100 nm.
Movie S8. Top-view dual droplet spinning. This video was captured at 3000 fps and replayed at 60 fps.

Movie S9. Zoomed-in view of the microchannel between two spinning droplets. Particles with green

fluorescence will transport from right droplet to left droplet. This video is in real-time.
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