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Dual-Wave Acoustofluidic Centrifuge for Ultrafast
Concentration of Nanoparticles and Extracellular Vesicles

Povilas Dumcius, Roman Mikhaylov, Xiaoyan Zhang, Matthew Bareford,
Mercedes Stringer, Rachel Errington, Chao Sun, Esperanza Gonzalez, Tomas Krukovski,
Juan M Falcon-Perez, Dongfang Liang, Yong-Qing Fu, Aled Clayton, and Xin Yang*

Extracellular vesicles (EVs) are secreted nanostructures that play various

roles in critical cancer processes. They operate as an intercellular com-
munication system, transferring complex sets of biomolecules from cell to
cell. The concentration of EVs is difficult to decipher, and there is an unmet
technological need for improved (faster, simpler, and gentler) approaches to
isolate EVs from complex matrices. Herein, an acoustofluidic concentration of
extracellular vesicles (ACEV) is presented, based on a thin-film printed circuit
board with interdigital electrodes mounted on a piezoelectric substrate. An
angle of 120° is identified between the electrodes and the reference flat of the
piezoelectric substrate for simultaneous generation of Rayleigh and shear
horizontal waves. The dual waves create a complex acoustic field in a droplet,
resulting in effective concentration of nanoparticles and EVs. The ACEV is
able to concentrate 20 nm nanospheres within 105 s and four EV dilutions
derived from the human prostate cancer (Du145) cell line in approximately

30 s. Cryo-electron microscopy confirmed the preservation of EV integrity. The
ACEV device holds great potential to revolutionize investigations of EVs. Its
faster, simpler, and gentler approach to EV isolation and concentration can
save time and effort in phenotypic and functional studies of EVs.

1. Introduction

Extracellular vesicles (EVs), including ecto-
somes, exosomes, and other cell-derived
vesicular materials, are essential modali-
ties for intercellular communication.!! EVs
play critical roles in transmitting signal-ini-
tiating elements and nucleic acids within
the immediate pericellular space and over
long distances.”l Such events contribute
to homeostatic control of tissue environ-
mentsPl and orchestrate adaptive changes
such as angiogenesisi and inflamma-
tion.’! Body fluids, including blood, urine,
saliva, and cerebral spinal fluid (CSF), con-
tain EVs with important information about
pathogenic processes, including metabolic
and infectious diseases. They may criti-
cally aid clinical diagnosis, disease moni-
toring and prognosis in various diseases
including cancer. Therefore, many assay
systems are being developed to quantify

and detect EV-associated biomarkers.[®!
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Successful clinical applications of EVs depend on vesicle
separation and selective concentration from the non-vesicular
constituents of the biospecimen. One of the most widely used
methods for this purpose is ultracentrifugation,/®% where
a large centrifugal force is applied to sediment nano-vesicles,
sometimes through dense media such as iodixanol. As objects
of different masses and densities are affected differently by the
gravitational fields, particles in the nanometre size range will
be slower to sediment and, in turn, require longer processing
times (up to eight hours).'> In addition, this is a laborious
process, requiring expensive infrastructure and safety consid-
erations. Other methods, such as size exclusion chromatog-
raphy,!? have attracted extensive attention as a more tractable
approach for biomolecule separation, retaining structurally
intact vesicles albeit at rather low concentrations. Alternative
methods include flow field-flow fractionation,™! optical,™ die-
lectrophoretic,™® magnetic,!'®! hydrodynamic,[) and acoustic-
based approaches.

Manipulation of bioparticles through acoustophoresis
has gained significant attention due to its biocompatibility,
ease of use, high efficiency, and low cost.’-2!l Bioparticles can
be sensed and manipulated by several acoustic wave modes,
including thickness-shear mode, Love mode, and Rayleigh
mode.[?223] Rayleigh waves are a type of surface acoustic wave
(SAW) generated in a solid substrate (out-of-plane). Frequently,
these waves are excited on a piezoelectric substrate, and when
they are in contact with a fluid, energy is coupled into the
fluid in the form of leaky acoustic waves. However, significant
damping of the SAW amplitudes leads to loss of energy and
effective manipulation of bioparticles. In contrast, minimum
damping or attenuation of shear-horizontal SAW (SH-SAW)
into the fluid is noted, as the SH-SAW travels in-plane on the
substrate and their displacement are parallel to its surface.*l
Most previous studies demonstrated concentrating bioparticles
using Rayleigh SAW. Asymmetric SAW generated azimuthal
bulk liquid recirculation, which gave rise to an inward radial
force that concentrated particles and yeast cells (5 =10 pm).[?!
Subsequently, by carefully manipulating SAW frequency,
streaming and radiation forces were balanced for particle sepa-
ration of 6 and 31 um in a 2-uL sessile droplet,?®! as well as 1
and 5 um, 1 and 10 um, 3 and 5 um in the sample.”?8] The
effective concentration of nanoparticles was also demonstrated
by using chirped interdigital transducers (IDTs) producing
SAWs in a glass capillary, in which nanomaterials ranging from
80 to 500 nm were enriched.?”) An acoustofluidic multi-well
plate utilized circular stranding flexural waves to enrich micro/
nanoparticles and cells.?% Double-slanted IDTs were designed
to yield a combination of acoustic streaming and droplet wob-
bling to break through the limitation of manipulating nano-
particles less than 100 nm. Rapid nanoparticle concentration
and extracellular vesicle isolation/encapsulation were demon-
strated, with the smallest size of 28 nm concentrated within
1 min in the samples up to 20 puL.232 To build upon this sig-
nificant work the processing time, nano-size limit and espe-
cially the sample volume must further improve. Unequivocally,
an affordable, accessible, and easy-to-manufacture package for
nanoparticle manipulation is desirable.

This study presents an ultrafast acoustofluidic centrifuge
for EVs (ACEV). To transcend the current limits, we have

(18]
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developed a dual-wave mode which simultaneously generates
both Rayleigh and SH-SAWs to induce acoustic streaming and
oscillatory droplet deformation. These conditions effectively
concentrate nanoparticles down to 20 nm within 105 s with a
sample volume of 50 puL. The ACEV device demonstrates ultra-
fast concentration of EVs, where an EV aggregation is visible
within seconds and by 30 s had produced EV pellets.

2. Experimental Section

2.1. Fabrication of the Acoustofluidic Centrifuge for EV (ACEV)

The IDT in the ACEV was developed using a TPCB technique
as described.’3] A TPCB patterned with interdigital electrodes
was made by circuitfly.com, which consisted of dual metal
bilayers (Au/Ni, 30 nm/2 um) patterned on a 70 um thick poly-
ester laminate. The period of the interdigital electrode, elec-
trode number, and aperture size were 200 um, 40 pairs, and
13 mm, respectively. The TPCB was linked with a coaxial wire
soldered to its bus pads and terminated with an SMA connector.
A mechanical clamping method, as reported,?*3’! was used
for assembling the detachable interdigital electrodes on the
TPCB onto a LiNbOj; substrate (Figure S1, Supporting Informa-
tion). The TPCB was attached to a TPCB clamp which forced
it down; any changes in the angle between the TPCB and the
LiNbO; substrate were done by releasing the TPCB clamp and
then rotating the LiNbO; substrate. A template was designed
to accurately position the angle between the TPCB and the ref-
erence flat of the LiNbO; substrate. The template was printed
with ink on a round paper sheet and mounted underneath the
substrate. The above mechanism allows a quick assembly of
the IDT with arbitrary LiNbO; substrate angles as an example
of 120° shown in Figures 1a and 2a. To maintain consistency
when adding samples, a polydimethylsiloxane (PDMS) ring
(ID =9 mm, OD = 10 mm) was mounted on the LiNbO; sub-
strate and built by pouring PDMS into a 3D-printed mold.

2.2. Device Operation

Radio frequency (RF) signals were generated using a signal
generator (RS Pro RSDG 5162) and amplified with an RF
power amplifier (Mini-Circuits, USA). A matching network was
designed for the ACEV device to match the impedance between
the TPCB IDT and the amplifier’s output stage.

2.3. Optimization of the ACEV Device with Various Angles

The frequency characteristics of the ACEV device were evalu-
ated using the S-parameters. The reflection coefficient S;; of
the ACEV device was recorded using a vector network analyzer
(VNA, E5061B ENA, Keysight) during the rotation at an interval
of 10°. At each angle, a working frequency was identified from
the frequency corresponding to the minimum reflection on
the Sy, spectrum. We tested these frequencies’ ability to gen-
erate wave modes to concentrate nanoparticles. Our investiga-
tion included the deformation measurements at the centre and
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Figure 1. Acoustofluidic centrifuge for ultra-fast concentration of extracellular vesicles (ACEV). a) The ACEV device is made by mounting a thin-film
printed circuit board (TPCB) with interdigital electrodes to a 128° Y-cut LiNbO; substrate. EV suspension is added to a PDMS ring as the sample
reservoir. The concentration is achieved by the micro-streaming induced by surface acoustic wave (SAW), produced by the TPCB-based transducer. An
inset shows the EV sample inside the PDMS ring before and after SAW concentration. b) Process flow for using the ACEV device. 1. The PDMS ring is
prepared for accommodating EV culture supernatant. 2. An EV suspension (50-uL) is loaded into the PDMS ring. 3. SAW is turned on to concentrate
the EV supernatant. 4. Extensive microstreaming is noted in the EV sample, rising the sample higher. 5. The concentrated EVs form a pellet, which can
be extracted using a pipette. 6. Harvested EVs are subjected to follow-up analysis, such as electron microscopy.

periphery of the droplet surface, which revealed the oscillation
of the sample. As shown in Figure 2b, a camera was placed
next to the droplet to record the deformation on the centre and
periphery (green, red, and blue arrows). The data was then ana-
lyzed using Tracker (physlets.org) to register the deformation
on the z-axis.

2.4. Numerical Studies

A finite element model was built in COMSOL Software (Mul-
tiphysics 5.4, COMSOL Inc) to study the vibration pattern on
the device surface and the interaction with the droplet. Piezo-
electricity Multiphysics interface was used in the study. A
trigonal crystal system with six elastic stiffness values, four
piezoelectric tensors, and two dielectric coefficients was used
to establish the piezoelectric characteristics. We utilized the
piezoelectric coefficient values reported in Refs. [36] and [37].
Firstly, the crystal and IDT coordinate systems were defined as
(o, B, 7)) and (x, y, z), respectively. Initially, the LiNbO; crystal
and geometry coordinates were set to (0, 0, 0). Since the 128°
Y-cut LiNbO; substrate was used in the experiment, a Euler
angle coordinate transformation of (o + 0°, B+ 38°, ¥+ 0°) was
performed to describe the crystal cut angle. The rotation of the
TPCB was simulated by rotating the substrate along y for dif-
ferent angles. To compute the acoustic pressure distribution
inside the droplet, the “Thermoviscous Acoustics” module in
the COMSOL software was utilized.
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2.5. Sample Preparation

The ACEV device’s ability to concentrate nanoparticles was
validated using fluorescent polystyrene nanoparticles (Sigma
Aldrich, USA) with their nominated sizes of 20, 30, 100,
and 500 nm. These nanoparticles were prepared by diluting
them into phosphate-buffered saline (PBS) at a =0.01 g mL™
concentration.

EVs were purified from Dul45 prostate cancer cells, grown
in bioreactors, by ultracentrifugation on a sucrose cushion as
described.l*® Briefly, the bioreactors were seeded with an ini-
tial optimized concentration of 4 million cells and cultured in
RPMI media with PS/LG and 10% FBS. Upon seeding, 15 mL
RPMI with PS/LG and EV depleted FBS were added to the cell
compartment, and the standard RPMI + PS/LG + 10% FBS
was used in the upper compartment. The bioreactors were left
to culture for two weeks. The media from the cell compart-
ment was then removed, processed to remove any cell/debris
which was not EV and then frozen at —80 °C until the ultra-
centrifugation step. The cell compartment was flushed and
washed with RPMI media (no additives) before being replen-
ished with 15 mL RPMI with PS/LG and EV-depleted FBS.
The standard RPMI + PS/LG + 10% FBS used in the upper
compartment was replaced afterwards. After the initial two
weeks incubation period, this process was then repeated every
week. Once enough samples were collected, EVs were purified
using ultracentrifugation on a 30% sucrose/D20.5% Purified
EVs were resuspended in PBS, aliquoted and stored at —80 °C.
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Figure 2. Characterization and optimization of the ACEV device. a) The top view drawing shows the FPCB rotating on the 128° Y-cut LiNbO; sub-
strate. Three angles, % = 0°, % = 90°, and % = 120°, with respect to the reference flat on the substrate, are selected for characterization. b) Schematic
diagram of the SAW interacted with the droplet in the PDMS ring. Three arrows indicate the regions for measuring the droplet deformation on the

z-axis. An inset shows the numerical simulations of the interdigital transdu
is 50 um. c) 3D numerical simulations show different waveforms emerging

cer (IDT) vibration under the three different TPCB angles. The scale bar
from the IDT, resulting in various acoustic pressure patterns within the

PDMS ring-constrained sample. d) The Sy; parameter for the three TPCB angles indicates that the working frequency for the three angles is 20.0 MHz,
34.2 MHz, and 32.8 MHz, respectively. Blue and green arrows indicate SH-SAW and Rayleigh SAW, respectively. e) The droplet deformation on the z-axis
is measured by three regions, as marked in Figure 2b. Insets demonstrate the manipulation of 20 nm particles at different angles. Scale bars 0.5 mm.

Once defrosted, the EVs were used in experiments and not
re-frozen to avoid frost damage. These aliquots were then
measured using nanoparticle tracking analysis (NTA) and a
micro-BCA protein assay to ascertain EV-particle concentra-
tion and protein concentrations respectively. Quantification of
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EV-particles and EV-protein was then repeated on the sample
post-fluorescent labeling. To render these vesicles fluores-
cent for optical tracking, they were conjugated to Alexa-488
through a maleimide linker as described in.*! The original
EV sample (=50 uL) was then diluted and dispersed in 150 uL
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PBS. The sample concentration was further reduced to 1/40,
then 1/400, and finally to 1/4000 to form a dilution range for
testing. Control samples for cryo-electron microscope imaging
and an immuno-assay to detect CD81 were prepared by adding
2 uL of EVs to 38 uL of PBS. Post-ACEV concentration pellets
were collected using a pipette by manually extracting a frac-
tion of the liquid (0.5 UL) near the concentration region, as
depicted in Figure 4a. A sample of the equivalent volume was
also taken from the peripheral, non-concentrated region. All
these samples were stored immediately at —80 °C.

Six mixtures (1 mL) of water and glycerol were prepared to
simulate wide-ranging body fluids commonly rich with EVs for
varied viscosity experiments (Figure 4e). The viscosity ratios
were determined analytically and then confirmed using a capil-
lary viscometer. The ratios (water/glycerol) were 1 and 0, 0.787
and 0.212, 0.695 and 0.300, 0.637 and 0.362, 0.590 and 0.410,
0.557 and 0.442 mL for viscosities 1, 2, 3, 4, 5 and 6 cP respec-
tively. Furthermore, 100 nm fluorescent polystyrene particles
(Sigma Aldrich, USA) were mixed into the solution at a dilution
of 670%10° particles/mL. Both the preparation and experiments
were performed at a room temperature of 20 °C.

2.6. Nano-Particle Tracking Analysis (NTA)

The size and concentration of particles present within Dul45
cell line-derived samples were measured using a NanoSight™
NS300 system (Malvern Instruments, Malvern, UK) as
described.!! The instrument was calibrated with 80 nm silica
beads, prior to each use (nanoComposix, San Diego, USA).
Samples were diluted in particle-free water (Fresenius Kabi,
Runcorn, UK), to concentrations up to 2 x 10° particles per
ml. Data was collected at 25 °C with a 488 nm laser and three
videos of 60 s were taken in light scatter mode with the con-
trolled fluid flow with a pump speed set to 50. Videos were
processed using NTA 3.1 software (version 3.1 build 3.1.54),
where minimum particle size, track length and blur were set
at “automatic.” Background measurements of culture media,
or water that had not been exposed to cells contained negli-
gible particles.

2.7. Cryo-Electron Microscopy

EV samples were deposited onto glow-discharging holey carbon
200-mesh copper grids (Quantifoil, Micro Tools GmbH, Ger-
many) and subjected to vitrification using a Vitrobot (Maas-
tricht Instruments BV, The Netherlands). Imaging of vitrified
samples was conducted at the liquid nitrogen temperature
using a transmission cryo-electron microscope (JEM-2200FS/
CR, JEOL, USA) with a field emission gun operated at an accel-
eration voltage of 200 kV. More than 600 individual EVs were
analyzed using Image] (National Institutes of Health).

2.8. Plate-Based Immune-Labelling Assay
Purified EVs were immobilized on high-protein-binding ELISA

plates (at doses of <10 pg per well) overnight in PBS. After

Small 2023, 2300390

2300390 (5 of 13)

www.small-journal.com

immobilization, 1% (w/v) BSA/PBS blocking solution was
added, and the wells were blocked for two hours. CD81 Pri-
mary antibodies (at 2 ug/mL) were added and incubated for
two hours. After three washes, the detection was by incubating
the solution with goat anti-mouse biotinylated secondary anti-
bodies (PerkinElmer Life) for 1 hour. Following three washes,
Europium conjugated to streptavidin was added, and after
washing six times, the time-resolved fluorescence signal was
measured via a BMG PHERAstar plate reader (BMG LATECH).
The detailed procedure and methods were reported in the pre-
vious studies.[*0:4

2.9. Statistical Analysis

Statistical analyses between experimental groups were per-
formed using Prism-4 software V4.03 (Graph Pad, San Diego,
CA). In experiments with more than two experimental groups
one-way ANOVA with Tukey’s post-test was used. P-values
less than 0.05 are considered significant (* p<0.05, **p<0.01,
**%p<0.001). Bar graphs depict mean = SD of n measures as
detailed in figure legends.

3. Results and Discussion

Configuration and mechanism of the Acoustofluidic Centrifuge
for EV (ACEV)

Figure 1la shows the configuration of the ACEV device. A
128° Y-cut lithium niobate (LiNbOs) substrate is bonded with
a ring made by polydimethylsiloxane (PDMS), which accom-
modates EV samples. An interdigital electrode patterned on
a thin-film printed circuit board (TPCB) is mounted onto the
LiNDbOj; substrate to produce SAWSs travelling toward the EV
sample loaded to the PDMS ring. By setting the angle between
the electrode and the reference flat of the LiNbO; substrate
to be 120°, a combination wave integrating Rayleigh and SH-
SAWs is produced, which induces single vortex streaming and
complex acoustic attenuation, effectively concentrating nano-
particles and EVs from the sample. The ACEV device offers
a simple and accessible option to concentrate nanoparticles
and EVs with ultrafast and low-volume fashions. The straight-
forward operation involves five steps, as shown in Figure 1b.
(1) Cleaning and sterilizing the PDMS ring inside-out. (2)
Loading an EV culture supernatant of approximately 50 uL
to the PDMS ring. (3) Starting the concentration process by
switching on the SAW. (4) An EV pellet is formed at the centre
of the sample within 35 s. (5) Extracting the EV pellet by using
a pipette. The concentrated EVs are ready for downstream
analysis.

The ACEV device takes the advantage of the detachable
electrodes when developing SAW devices,*¥l e.g., easy fabrica-
tion without accessing cleanroom facilities. The detachability
feature allows rotation of the LiNbO; substrate to achieve
arbitrary angles between the finger electrode and the refer-
ence flat of the substrate (Figure 2a). Such flexibility is essen-
tial in this study as it enables the investigation of potential
SAW modes apart from Rayleigh and SH-SAWs. Due to the
contact impedance existing between the electrodes and the
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LiNDbOj; wafer, the TPCB-IDT yields less power efficiency than
that made by the conventional photolithography process.
This can be overcome by adding a matching network to the
TPCB-IDT to improve impedance mismatching.?3°! Conven-
tional SAW devices made using the photolithography process
are often a one-off component, e.g., any modification to the
IDT requires restarting the photolithography process, which
limits the research throughput and increases the footprint of
the device.

As the 128° Y-cut LiNbO; substrate is highly anisotropic, the
generation of Rayleigh SAW requires the interdigital electrodes
to be positioned in parallel with the reference flat of the LINbO,
substrate, which is annotated as y = 0° in Figure 2a. The dif-
fraction of the acoustic wave causes the bulk fluid to translate
along the direction of the SAW and exhibit Stokes Drag force on
the suspended particles. The existence of the PDMS ring limits
the translation leading to circular streaming produced inside
the boundary when positioning the TPCB-IDT asymmetrically
with an offset to the droplet center (Figure la & 2a).’*] The
particles in the droplet experience slower circular streaming
velocity in the center resulting in a stagnation point established
to accumulate the particle pellet.

3.1. The Generation of Various Wave Modes in the ACEV Device

Exploration of the ACEV device for generating potential wave
modes was done by numerical studies in COMSOL. Three IDT
angles, i.e., 1 =0° 7% = 90° and p = 120°, were simulated as
the results shown in Figure 2b. For the angle 4 = 0°, a typical
out-of-plane surface displacement for generating Rayleigh SAW
is achieved, in which the wave decays with a characteristic
length approximately equal to a wavelength below the surface.
The wave mode for the 9 = 90° reveals displacements in the
plane of the surface and a compressional component, which
highlights the presence of Quasi SH-SAWs.* The SH-SAW
has the advantage of virtually no acoustic loss in water, offering
the potential to handle the EV sample. The vibration pattern
where the 95 = 120° demonstrates the out-of-plane surface dis-
placement and internal compressional components. This sce-
nario establishes a dual-wave mode combing the advantage of
the Rayleigh and SH-SAWs. Other angles during the rotation
are beyond the discussion as they did not produce a notably
valuable concentration effect.

The numerical studies of the SAW interaction with the
droplet under the above three scenarios, i.e., % = 0°, % = 90°,
and 7y = 120°, are given in Figure 2c, where the 3-D models
visualize the vibration amplitude on the LiNbO; substrate and
the acoustic pressure within the sessile droplet. For % = 0°
(Figure 2c, left), upon contact with the droplet, the Rayleigh
SAW produces a leaky SAW with a Rayleigh angle of ~22° due
to the acoustic energy attenuation into the fluid (Figure S2,
Supporting Information). A notable emergence of the SH-SAW
component on the x-y plane appears when 9 = 90° (Figure 2c,
middle), resulting in symmetrical and radial acoustic pressure
distribution within the droplet. In contrast to Rayleigh SAW
attenuation, the SH-SAW induces sound waves in the droplet
directly upwards (Figure S3, Supporting Information). For
% = 120° (Figure 2c, right), the SH-SAW component is slightly
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weaker than that in 9 = 90°, which may imply a balance of
generating both the Rayleigh and SH-SAW. A more intensive
acoustic pressure distributed in the droplet is observed due to
both the Rayleigh leaky SAW and the SH-SAW longitudinal
components propagated in the droplet. The side view simu-
lation of angle p (Figure S4, Supporting Information) also
reveals that the droplet possesses both (Rayleigh and SH-SAW)
components of acoustic attenuation. The combination of both
modes, namely dual-wave acoustofluidic field, is a complex
wave attenuated in the droplet resulting in an ultrafast concen-
tration of nanoparticles.

3.2. Identification of the Working Frequency

To identify the working frequency of the RF signal of the three
scenarios to drive the ACEV device the reflection coefficients
(Sy1) for each setup were measured. Figure 2d, left shows a
dominating Rayleigh SAW frequency (green arrow) around
20 MHz with a minor SH-SAW component (blue arrow) close
to 35 MHz. At 35 = 90°, a dominant SH-SAW is observed
(=34.4 MHz) with a minor component of a Rayleigh SAW. The
SH-SAW frequency appears higher than the Rayleigh com-
ponent as observed in substrate studies.”] A transition state
between the Rayleigh and SH-SAW at 93 = 120° is identified
with the working frequency of 32.8 MHz to potentially produce
both waves (Figure 2d, right).

3.3. Acoustic Wave Induced Droplet Deformation
and Nanoparticle Concentration

The deformation of the droplet surface induced by the inter-
action with the acoustic waves at the center (red curve) and
the periphery (green and blue curves) is shown in Figure 2e.
The Rayleigh SAW (y; = 0°) slightly increases the height of the
droplet at the three locations showing no nanoparticle concen-
tration effect as no aggregation observed under the fluorescence
microscope (Figure 2e, left, also Video S1, Supporting Informa-
tion). The SH-SAW (35 = 90°) leads to a considerable rise at
the droplet center (up to 60%) and an intensive droplet jetting
effect. Particle accumulation is vividly observed (white arrow,
inset in Figure 2e, middle, also Video S1, Supporting Informa-
tion). It is worth noting that this mode often led to intensive
evaporation, making it unsuitable for manipulating biological
samples. The findings agree with previous results,*l where the
Rayleigh SAW was compared directly with SH-SAW.

The dual-wave mode taking place at 3 = 120° shows con-
siderable improvement. As shown in Figure 2e, right (also
Video S1, Supporting Information), the droplet surface
denotes a notably increased height at the center with an oscil-
lation pattern on the periphery. The nanoparticles are success-
fully concentrated in the center of the droplet (yellow arrow).
It is predicted that a slight rise of the droplet height at the
center, while oscillation on the sides, is the key to the effec-
tive concentration of nanoparticles. Conspicuously, droplet
fluctuation under this dual-wave mode causes unnoticeable
evaporation, which is essential for maintaining sample integ-
rity and end-product extraction.

© 2023 The Authors. Small published by Wiley-VCH GmbH

858017 SUOWILLIOD 8A 18810 3(edldde aup Aq pausenob ae sepolife YO ‘85N JO SaInJ Joj A%eid18UlUO A8]IM UO (SUONIPUOO-PUB-SW.BI W00 A8 | 1M AeIq1BU1|UO//SdNL) SUORIPUOD PUe SWLB | 8L 88S *[£202/50/20] U0 Ariqiaulju A1 ‘uewiueA0D Alquessy UspM Ad 06E00£20Z 1 1WS/Z00T OT/I0p/LL0o" A3 1M AReid1|eulUo//:Sdny Wo.y pepeo|umoq ‘0 ‘62895 TIT



ADVANCED
SCIENCE NEWS

sl

www.advancedsciencenews.com

www.small-journal.com

1.0

0.8 1

06 4

0.44 1

norm. Fluo int (a.u)

0 10 20 30 40

0.84
0.6

0.4 { 1

norm. Fluo int (a.u)

0 10 20 30 40 50

0.6

0.4+ 1

0.2+ 1

norm. Fluo int (a.u)

0 10 20 30 40 50 60 70

norm. Fluo int (a.u)

0 20 40 60 80 100 120 140
time (s)

Figure 3. The concentration of nanoparticles with the size of 500 nm, 100 nm, 30 nm, and 20 nm, using the ACEV device. Fluorescence images of the
sample with timestamps and the corresponding normalized fluorescence intensity (n =5) are shown for a) 500 nm, b) 100 nm, c) 30 nm, and d) 20 nm
nanoparticles. The dashed line highlights the measurement area. The scale bar is 0.5 mm.

3.4. Ultrafast Concentration of Nanoparticles

Nanoparticles with sizes of 20, 30, 100, and 500 nm were used
to test the concentration capability of the ACEV device, as these
sizes cover a wide range of EV sub-populations.*! As shown in
Figure 3, fluorescence images with time scales provide a visual
indication of the aggregation of the nanoparticles (white arrows
in Figure 3, also in Videos S2-S5). For all the particle sizes, con-
centration was observed as soon as the SAW was applied. The
normalized fluorescence intensity (norm. Fluo int) across the
sample (dashed line in Figure 3a, left) was obtained to reveal
the change in fluorescence intensity over time, as shown in
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Figure 3. Durations for concentrating the four particle sizes
are 45 s, 50 s, 60 s, and 105 s, respectively. Nanoparticles were
found to be aggregated at the bottom in the center of the droplet
(Figure 2b). These associated speeds represent a significant
advance in the field of nanoparticle manipulation, enabling the
concentration of a wide range of particle sizes with remarkable
speed and precision. Achieving such precision and reproduc-
ibility in nanoparticle concentration is notoriously challenging
with existing methods. Advances, brought by ACEV have impor-
tant implications for nanoparticle research, enabling more accu-
rate and efficient analysis of sub-populations and potentially
leading to new insights into their properties and applications.
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Figure 4. The concentration and extraction of nanoparticles in the ACEV device. a) Fluorescence images of the original sample, concentration, during
extraction, and depleted samples. The nanoparticle size is 100 nm. Scale bar 0.5 mm. b) Fluorescence intensity of the sample upon the sequential steps.
c) Nanoparticle tracking analysis was performed to establish the nanoparticle density of the original sample, concentrated collection, and depleted
sample. (n =3, ***p<0.001, 1-way Anova with Tukey’s post-test). d) The pellet size changes over time; the inset is the dispersion of the 500-nm particle
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3.5. Pellet Extraction and Concentration Performance

It is essential to have a simple extraction modality to collect
the enriched EVs from the ACEV device for downstream appli-
cations, ideally using conveniently accessible tools such as
pipettes. As shown in Figure 4a (also in Video S6, Supporting
Information), the nanoparticles are well concentrated in a pellet
after =50 s of SAW exposure. A pipette tip is placed near the
pellet with guidance under the microscope. The plunger is then
slowly released to extract a sample of 0.5 UL, resulting in the
nanoparticle pellet being pulled up into the tip.

To assess the concentration and extraction ability of the
ACEV device, the fluorescence intensity of the original, con-
centrated, and depleted samples, was measured as shown in
Figure 4b. Before concentration, the fluorescence signal indi-
cates the presence of randomly dispersed nanoparticles (grey
area). After SAW concentration, a sharp spike in fluorescence
intensity is observed at the centre of the droplet (red area),
corresponding to the highly concentrated nanoparticles in the
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pellet. After pipette extraction, the intensity levels off, indi-
cating a complete collection of the pellet. Nanoparticle tracking
analysis (NTA) was used to further confirm the extraction
completion. As shown in Figure 4c, the nanoparticle density
in the pellet increases to 769%10', from the original sample of
1.11%10%, which describes the concentration capability of the
ACEV device.

The nanoparticle pellet’s integrity over time after the concen-
tration is important to design the follow-up collection processes.
Figure 4d shows the pellet size of the four sizes of nanoparti-
cles over 20 min after the ACEV concentration. In general, the
pellet presents an average enlargement of ~50% after 20 min
but only ~7% over 3 min. This should be sufficient to stream-
line most manual or automatic extraction processes. The whole
processing time from the beginning of the ACEV concentration
to pellet extraction takes less than one minute. This is a step
change in nanoparticle concentration, in contrast to ultracen-
trifugation, or an assortment of other modalities that are well-
known as a time-consuming and labor-intensive process.

© 2023 The Authors. Small published by Wiley-VCH GmbH
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Figure 5. EV concentration using the ACEV device. a) Four EV dilutions are concentrated by using the ACEV device. b) The EV sample of 0.4 ug mL™
is enriched within 30 s. c) The normalized fluorescence intensity in the EV sample (0.4 g mL™") before and after SAW concentration. Scale bars 1 mm.

To explore the concentration time for samples with various
viscosities, the nanoparticle suspension was conditioned by
adding glycerol to achieve a viscosity of 1 to 6 cP, which encom-
passed the range of several body fluids, including cerebrospinal
fluid (~1 cP) and whole blood (4-5 cP).¥) The SAW concentra-
tion was processed on these samples with the result shown in
Figure 4e. The time required to concentrate the nanoparticles
increased slightly from 30 s to 37 s when the sample became
more viscous, which also impacted the efficacy of the concen-
tration. For instance, at viscosities higher than 4 cP, similar to
whole blood, it is struggled to observe nanoparticle pellets per-
ceptibly. The sample used in most of the experiments in the
study mimicked the viscosity of cell culture supernatant, i.e., 1.1
cP, which fell in the recommended viscosity range (0.5 — 3 cP)
of the ACEV concentration.

3.6. EV Enrichment in =30 Seconds

After systematic characterization of the ACEV device, EV sam-
ples with four dilutions (160, 8, 0.4, 0.02 g mL™!) were applied
to test the ACEV handling biological samples. It is notoriously
difficult to estimate whether or not this concentration range is
physiologically relevant, because as yet the EV field lacks defini-
tive tools to specifically quantify vesicles, as opposed to other
forms of particulates, present in body fluids.*®l This range
would certainly serve a variety of scenarios from cell culture
soups and is likely appropriate for different forms of biofluids.
The wide-field fluorescence images shown in Figure 5a
present the concentration of EVs labelled with a fluorophore.
The concentration process was somewhat similar to the nano-
particles, as an immediate EV aggregation occurred soon after

Small 2023, 2300390

2300390 (9 of 13)

applying the dual wave. Whatever dilutions, the ACEV device
could concentrate the EVs within approximately 30 s with the
sample volume of 50 pL, which is a tenfold increase in the
volume handled by the state-of-the-art technique reported in.>!

The formation of the EV pellet (0.4 ug mL™ sample) was
recorded as shown in Figure 5b, EV aggregation becomes evi-
dent and visible in the droplet center after only 20 s. The flu-
orescence intensity reaches the plateau at =30 s (Figure 5c),
denoting the completion of the pellet. The pipette was used
to extract a 0.5uL sample to collect the EV pellet for follow-up
analysis. The total time from sample loading to EV pellet har-
vest was again less than 1 min. Observationally, the shape of the
concentrated EVs was not uniformly round as for polystyrene
nanoparticles, and certainly at higher concentrations present a
shape that has a central bright core, surrounded by a more dif-
fuse outer ring, akin to a “fried egg” (Figure 5a). We are uncer-
tain why this is occurring but is likely due to the heterogeneity
of EVs present in the sample, reflecting differences in size, den-
sities, and molecular composition.

3.7. EV Characterization after ACEV Concentration

Maintaining EV integrity and function is critical when devel-
oping any EV manipulation technique or device. Apart from
the EV concentration efficiency provided in Figure 5, the fol-
lowing measurements were performed to systematically study
the effects of the ACEV device on the EVs. Firstly, cryo-electron
microscopy (cryo-EM) was used to check the existence of EVs
and their structural features. The cryo-EM images of nanoparti-
cles extracted from the control specimen (not subject to ACEV),
post ACEV concentrated zone (pellet), and post ACEV depleted
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zone are shown in Figure 6a. The definition of the concen-
trated zone and the depleted zone is illustrated in Figure 6b.
According to our observations, the nanoparticles in these col-
lections are classified into: intact (green arrows), damaged (red
arrows), and avesicular electron-dense particle (AEDP) (yellow
arrows). We define “intact” as a rounded structure, in which the
outer lipidic membrane is fully contiguous, with no evidence of
gaps, disturbance or any perturbation hence the outside of the
vesicle is truly separated from the inner luminal compartment
by this integral membrane structure. For vesicles that appear
to encapsulate other membrane-structures (vesicles within
vesicles), our definition of “intact” focuses only on the outer
membrane and does not consider possible perturbations of the
encapsulated structures. For the term “damaged”, we observe
examples where this outer lipidic membrane has indeed been
compromised and is not contiguous. Often this reveals a pos-
sibility of a spill-out of content from the vesicle as further
evidence of loss of integrity of the structure. Our definition
of avesicular particles is based on the presence of dark nano-
scale structures that lack evidence of a lipidic membrane, and
although considered to be formed of protein and possibly other
aggregated biomolecules their precise nature is not well known.
Similar avesicular structures have, however, been reported
elsewhere.[*!

Representative images from the control group depict a
variety of nanoscale yet heterogeneous vesicular structures with
clearly delineated membrane boundaries that are circular and
contiguous (green arrows), as intact vesicles. Some amorphous
materials and rare AEDPs (yellow arrows) that lack membranes
are occasionally observed. Figure 6b,c show the representa-
tive images from the samples subjected to acoustic pressures
from the concentrated and depleted zones. A heterogeneous
EV population within the concentrated zone with contiguous
membranes can be observed (green arrows). Although the
amorphous background material is still present, it is much less
commonly observed than in the control group. The AEDPs,
however, are not observed in this sample, and this was an
unexpected yet highly desirable finding, as the ACEV appears
therefore to remove these other types of particles from the EV
concentrate. For the depleted zone, morphologically intact and
damaged membranes (red arrows) were present together with a
relative abundance of AEDP.

Quantification of these images across over 40 regions of
interest per specimen revealed that, on average, 75% of vesicles
are classified as intact (Figure 6e). The proportions of dam-
aged membranes in the Control and acoustic exposure groups
are broadly comparable and hence this damage is most likely
due to the processes in specimen handling before the ACEV
concentration. These results reveal that the ACEV device has a
minor impact on EV membrane integrity and does not, there-
fore, cause significant perturbation to the EV structure. The EV
measurements (n = 611) revealed a comparable size distribu-
tion, indicating no vesicle size-based selectivity in the concen-
tration process (Figure 6f).

For many reasons, estimating a concentration effect by cryo-
EM would be unreliable, and hence we used an orthogonal
method to confirm that the ACEV device has indeed concen-
trated EVs, and not merely the fluorophore-related material. For
this, we measured the vesicle-associated protein in the specified
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regions of the device. CD81 is a well-established EV biomarker
highly abundant on the EV surface and is not a protein shed
into the secretome of cells. Therefore, detecting the presence
of CD81 would be a surrogate measure of the presence of
vesicles. This was measured using an ELISA-like assay, with a
standard curve generated using purified Dul45 EVs. Figure 6g
shows that from an initial vesicle concentration of 129 jig mL™!
of CD81-positive vesicles, EVs are successfully concentrated by
the ACEV device to 237 ug mL in the concentration zone. In
contrast, the depleted zone had a reduction of CD81-positive
vesicles to <50 ug mL™, reflecting an 85% difference in CD81
(and hence EVs) between the concentrated and depleted zones.

Lastly, looking closely at the cryo-EM images, we noticed sig-
nificant differences (**p<0.01) of 15-20 nm sized AEDPs pre-
sent in the depleted region (see the yellow arrow in Figure 6¢ as
an example). Such particle size is at the exact threshold of the
ACEV current limitations (=20 nm). In fact, the vast majority
of these structures were present, and arguably concentrated
within the depleted zone (Figure 6h). It is not the first time
that AEDPs have been identified from cryo-EM imaging, as
these structures have been reported in many other studies.>%->2
Assuming AEDPs are undesirable from an EV-purification per-
spective, the ACEV device supplies the additional advantage of
separating potentially detrimental aggregates while simultane-
ously concentrating intact EVs in less than a minute.

4, Conclusion

The ACEV device for ultrafast concentration of EVs based
on acoustofluidics was developed using the accessible TPCB
technique. The dual-wave mode simultaneously producing
Rayleigh and SH-SAWSs on the ACEV device enabled effective
concentration of nanoparticles down to the size of 20 nm. The
sample volume of 50 UL was processed with a range of nano-
particle sizes, followed by EV (derived from human prostate
cancer (Dul45) cell line) aggregation in a pellet in less than
35 seconds. More importantly, the ACEV device demonstrated
a significant advantage in maintaining EV integrity during
concentration and enormous convenience for extracting
enriched particles with the added potential of excluding unde-
sirable protein aggregates. The concentration effect of this
proof-of-concept EV device was influenced not only by the
device’s performance but also, to a considerable extent, by
the manual dexterity needed at the collection from the con-
centrated zone. Therefore, more refined, and automated itera-
tions will be needed to enhance the system’s concentration
performance and throughput.
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