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Separating extracellular vesicles and lipoproteins
via acoustofluidics
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Extracellular vesicles (EVs) and lipoproteins are abundant and co-exist in blood. Both have been proven to

be valuable as diagnostic biomarkers and for therapeutics. However, EVs and lipoproteins are both on the

submicron scale and overlap in size distributions. Conventional methods to separate EVs and lipoproteins
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are inefficient and time-consuming. Here we present an acoustofluidic-based separation technique that is
based on the acoustic property differences of EVs and lipoproteins. By using the acoustofluidic technology,
EVs and subgroups of lipoproteins are separated in a label-free, contact-free, and continuous manner. With

its ability for simple, rapid, efficient, continuous-flow isolation, our acoustofluidic technology could be a

rsc.lifloc

Introduction

Extracellular vesicles (EVs) and lipoproteins are both impor-
tant biological particles in peripheral blood. EVs are small,
membrane-bound phospholipid vesicles that are secreted by
various types of cells." In the past decade, research on EVs
has significantly intensified, because EVs have been identified
as mediators of intercellular communications. Numerous re-
ports have shown that EVs play important roles in both physi-
ological and pathological processes, which makes them im-
portant targets for diagnostics and therapeutics.”” With
these characteristics, EVs are considered promising bio-
markers for cancer, Alzheimer's disease,’ pregnancy monitor-
ing,” and hepatitis C infection.'® Lipoproteins are a lipid and
protein complex whose major purpose is to transport triglyc-
erides and cholesterol molecules among organs.'’ Based on
density and size, lipoproteins can be divided into five major
subgroups: high density lipoprotein (HDL), low density lipo-
protein (LDL), intermediate density lipoprotein (IDL), very low
density lipoprotein (VLDL) and chylomicron. It has been re-
peatedly validated that lipoproteins play essential roles in the
formation of fatty streaks in the wall of the artery.'>"* There-
fore, levels of lipoproteins are used as a part of risk assess-
ment for cardiovascular disease, coronary heart disease, heart
attacks, peripheral vascular disease, aortic stenosis, thrombo-
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valuable tool for health monitoring, disease diagnosis, and personalized medicine.

- 14-20
sis and strokes.

The lipid profiles are taken into account
when choosing specific therapies. Lipoproteins are also used
as prognostic targets to evaluate therapeutic effectiveness and
characterize disease pathogenesis, particularly in the context
of atherosclerosis and cardiovascular heart disease.'*'>'®
Among these classes, HDL is regarded as anti-atherogenic,
while others are pro-atherogenic.”

The two important biological particles, EVs and lipopro-
teins are both abundant in blood and have similarities in
terms of size and density. Plasma samples contain EVs from
40 nm to 2 pm in diameter (exosomes: 40-120 nm, micro-
vesicles: 100 nm-1 pm, apoptotic bodies: 50 nm-2 |,1,m];22
while lipoproteins subgroups HDL (5-12 nm), LDL (18-25
nm), IDL (25-35 nm), VLDL (30-80 nm), chylomicron rem-
nants (30-80 nm), and chylomicrons (75-1200 nm) have simi-
lar size ranges as EVs.” This size overlap makes it difficult to
isolate each pair of particles by conventional methods such
as size chromatography.”*** Density gradient ultracentrifuga-
tion is another approach to isolate EV subgroups™ or lipo-
protein subgroup;”” however, few protocols have been
reported for separating EVs from lipoproteins. Moreover, den-
sity gradient ultracentrifugation is costly and time-
consuming (more than 48 h). In addition, some of the frac-
tions of lipoproteins, e.g., HDL, have densities similar to EVs
(EVs: 1.07-1.28 g ml™; HDLs: 1.063-1.210 g ml *).>* There-
fore, despite the tremendous potential for medical diagnoses
and therapeutics, the lack of effective isolation assays poses a
significant hurdle in scientific studies and a barrier to
implementing EVs or lipoprotein based analyses into clinical
use.”® For example, Yuana et al. recently used cryo-electron
microscopy to examine the morphological information of
EVs. Surprisingly, they found that the majority of the

This journal is © The Royal Society of Chemistry 2019
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particles are electron-dense and thus most likely represent li-
poproteins rather than EVs, which challenged the prevailing
opinion.”® This has also been verified by another recent
study.® In another study, Sédar et al. identified lipoproteins
(predominantly LDL) which mimicked the characteristics of
EVs and thus mixed up the downstream analysis process.**
Although specific antibodies and agents can be used to de-
crease the signal interference in some analytical methods,
having a simple and rapid method that can separate EVs and
lipoproteins in a label-free manner is beneficial in order to
reduce time and cost.

In the past few years, the acoustofluidic (i.e., the fusion of
acoustics and microfluidics) technique has been demon-
strated to be rapid, efficient, and biocompatible.**** This ap-
proach has been successfully deployed for bioparticles rang-
ing from cells’® and platelets®® to vesicles’”*® based
primarily on the size differences of the objects. In addition to
size differences, acoustofluidic separation technique can also
separate particles based on physical properties such as parti-
cle density and compressibility. For example, Petersson et al
successfully separated polystyrene (PS) and poly(methacrylate)
(PMMA) particles of the same size based on the density dif-
ference.’® Based on the combination of density and com-
pressibility, the separation of lipid particles from erythrocytes
has also been reported.*®*' These physical property-based
separation approaches dealt with micro-objects with the size
range of cells, and they may not be applicable for separating
submicron objects (e.g., EVs and lipoproteins), because the
acoustic radiation force is much smaller when acting on sub-
micron objects than on micro-objects. In this regard, the fre-
quency used in the acoustofluidic separation technique must
be increased in order to separate submicron objects that have
similar size and density.

In this work, we present an acoustofluidic method to sepa-
rate EVs and lipoproteins based on their acoustic properties.
To this end, we implement standing surface acoustic waves
(SSAWs) which work at a frequency of 20 MHz, generating an
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acoustic radiation force that is strong enough to manipulate
nanoscale objects. The acoustic pressure distributions within
the fluid induced by SSAWs and the behavior of particles
with different acoustic properties are investigated both nu-
merically and experimentally. Upon identification of the
proper working modes and conditions, the separation of EVs
and lipoproteins from plasma samples can be achieved, and
the separation performance is characterized. Our
acoustofluidic separation technique, described here, is the
first of its kind to separate EVs and lipoprotein contents in a
label-free, continuous, and biocompatible manner.

Working mechanism

Fig. 1 provides a schematic of the acoustofluidic lipoprotein
separation device. When a radio frequency signal is applied
to the interdigitated transducers (IDTs), two series of surface
acoustic waves (SAW) are generated and propagate in oppo-
site directions. The constructive interference of the two SAWs
results in the formation of SSAW and generates parallel pres-
sure nodes (regions of minimal pressure) and antinodes (re-
gions of maximum pressure) within the microchannel. Parti-
cles in the SSAW field are subject to an acoustic radiation

force (F,), which can be expressed as*>*

_ @uzp;nsf sin
R

where po, Vi, s, 4, ¢, k, and x are pressure amplitude, particle
volume, acoustic wavelength, acoustic contrast factor, wave
vector, and distance from the pressure node, respectively.
The direction of the acoustic radiation force is dependent on
the acoustic contrast factor (¢), which can be expressed as

5P, —2p; _ &
2p,+pP; B;

(2)

@ Particles with positive contrast
© Particles with negative contrast

Fig.1 (a) A photo and (b) working mechanism of the acoustofluidic based EV/lipoprotein separation device. Our device separates particles based
on acoustic properties. Particles with positive acoustic contrast are attracted to the acoustic pressure nodes, while particles have negative contrast

are pushed to the antinodes by acoustic radiation force.

This journal is © The Royal Society of Chemistry 2019
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where py, pr, fp, and fr are the densities of the particles and
the fluid, and the compressibility of the particles and fluid,
respectively. When the acoustic contrast is positive, the parti-
cles are pushed to the acoustic pressure nodes by the acous-
tic radiation force; whereas particles with negative acoustic
contrast are pushed to pressure antinodes (Fig. 1b).

The parameters of EV and lipoprotein subclasses are listed
in Tables 1 and 2. The fluid is plasma, with p = 1.025 g mI™
and f = 4.23 x 107 pa 1.>"*5* A5 the smallest and densest
subclass of lipoproteins, HDLs always appear to be positive
in terms of their acoustic contrast factor. However, LDLs are
intermediate, implying that due to the density and compress-
ibility range, the calculated acoustic contrast factor can vary
from -0.14 to 0.11. Because of the lack of measurement data
for lipoproteins, no precise number of acoustic contrast fac-
tors is available for IDL, VLDL, and chylomicrons. Neverthe-
less, estimated values based on the density and lipid con-
tent percentage data are shown in Tables 1 and 2. The
percentage of triglyceride is higher in IDL, VLDL, and chylo-
microns than in HDL and LDL. Triglycerides have a com-
pressibility of 5.34 x 107'° Pa™* and their acoustic contrast
factor is —0.31,"” which means that a high percentage of tri-
glycerides could lead to higher compressibility and negative
acoustic contrast. On the other hand, the density of IDL,
VLDL, or chylomicrons is lower than that of LDL. According
to eqn (2), a particle of low density and high compressibility
tends to exhibit a more-negative acoustic contrast. Therefore,
IDL, VLDL, and chylomicrons must be negative in terms of
acoustic contrast.

Owing to the difference in acoustic contrast factor, the
acoustofluidic separation device is able to distinguish sub-
groups of lipoproteins. Specifically, IDL, VLDL, chylomicrons,
and chylomicron remnants are focused to acoustic pressure
antinodes, while HDL and EVs move to acoustic pressure
nodes. By engineering the acoustic field pattern and channel
dimension, the different groups can be directed to different
outlets. Thus, within a single device, we can achieve the sepa-
ration of subgroups of lipoproteins and EVs in a continuous
manner.

Materials and methods
Device fabrication

To fabricate the acoustofluidic separation device, we first fab-
ricated IDTs on a lithium niobate (LiNbO;) substrate via
photolithography, e-beam evaporation, and lift-off pro-

Table 1 Acoustic parameter of lipoproteins and EVs¥745:46

Density Compressibility ~ Acoustic contrast
(g mI™) (107 Pa™) factor

HDL 1.063-1.210 3.39-4.03 0.21-0.23

LDL 1.019-1.063 3.93-4.79 -0.14-0.11

IDL 1.006-1.019 NA Negative

VLDL 0.930-1.006 NA Negative

Chylomicron  <0.930 NA Negative

EV 1.130 3.5 0.27
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Table 2 Characteristics of lipoprotein subgruups"s“'?
Lipoprotein subgroups Triglyceride (%)
HDL 8
LDL 4
IDL 31
VLDL 50
Chylomicrons 84

cesses.**** A single-layer polydimethylsiloxane (PDMS) micro-

channel of 50 pm height and 120 pm width was fabricated by
soft-lithography methods. The PDMS microchannel and the
LiNbO; substrate were then carefully aligned and bonded to-
gether by plasma treatment.

Selection and synthesis of PDMS particles

PDMS has a negative acoustic contrast factor, so it was cho-
sen in preliminary experiments to represent the IDL, VLDL,
and chylomicrons. To prepare PDMS microspheres, PDMS
base and curing agents (Dow Corning, Midland, USA) were
first mixed at a weight ratio of 10:1, followed by degassing to
remove air bubbles. The PDMS mixture was then added to a
0.5% PVA aqueous solution of 50 mL, and the mixed solution
was stirred via a vortex mixer to form emulsion droplets. Af-
ter that, the solution was placed at room temperature for 12
h, followed by baking at 65 °C for another 12 h to complete
the curing reaction. Once cured, the prepared PDMS solution
containing microspheres was centrifuged at 3000 rpm and
rinsed with water. Then, the solution was filtered using a Fal-
con® cell strainer (Corning, USA) to remove large or aggre-
gated particles and dust.

Experimental setup

Polystyrene particles, which have a positive acoustic contrast
factor of 0.58 in water, were purchased from Bangs Labora-
tory, USA. The polystyrene particles’ positive contrast factor
mimicked that of the HDLs and EVs in initial testing. Human
plasma from healthy donors was purchased from Zen-Bio,
Inc. USA. The plasma samples were frozen upon receipt at
—20 °C until use. The acoustic separation device was placed
on the stage of an inverted microscope (Eclipse Ti, Nikon, Ja-
pan). When processing plasma samples, the device was
placed on an upright microscope (BX51WI, Olympus, Japan)
with a Peltier cooling system (TEC1-12730, Hebei L.T., China)
during experiments. The temperature of the Peltier cooling
system was controlled via a variable DC power supply
(TP1505D, Tek-power, USA). A CCD camera (Nikon DS-Qi2)
recorded the separation process, and data was analyzed using
Image ] (NIH, USA). The fluid was controlled by syringe
pumps (neMESYS, cetoni GmbH, Germany). When processing
human plasma, samples were injected from two side inlets
and PBS solution was injected from the central inlet. The
flow rates for the three inlets were set to 0.5 pul min™, 1 pl
min!, and 0.5 pul min~", respectively. Separated samples were
collected in microcentrifuge tubes. The SSAW was generated

This journal is © The Royal Society of Chemistry 2019
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by applying a radio frequency signal to the IDTs on the
LiNbO; substrate. The radio frequency signal originated from
a function generator (E4422B, Agilent, USA) and was ampli-
fied using an amplifier (Amplifier Research, USA). The input
power was measured by an oscilloscope (DPO4104, Tektronix,
USA). The working frequency was set at 19.573 MHz, and the
voltage input to the device ranged from 20 to 40 Vpp.

Nanoparticle analysis

The size distribution and concentration of synthesized PDMS
microspheres was tested with a Zetasizer Nano (ZEN0040,
Malvern, UK). The plasma and processed samples were ana-
lyzed by nanoparticle tracking analysis (Nanosight LM10,
Malvern, UK).

Lipid staining

To examine the lipoprotein particles, a fluorescent neutral
lipid dye 4,4-difluoro-1,3,5,7,8-pentamethyl-4-bora-3a,4a-diaza-
s-indacene (BODIPY 493/503, Thermo Fisher Scientific, USA)
was used. The BODIPY was dissolved into PBS at 1 mg ml ™,
followed by mixing vigorously to mechanically emulsify this
solution. Then, 20 pl BODIPY solution was mixed with a 20
pl sample and incubated for 15 min in a dark environment.
After that, the mixture was dropped onto Shandon™ Double
Cytoslides™ (Thermal Fisher Scientific, USA) and incubated
for 5 min. Next, the slide was washed 3 times with PBS. A
cover slide (VWR, USA) was placed on the sample and ob-
served under a fluorescent microscope.

Electron microscopy

The processed samples were mixed with paraformaldehyde
solution at the final concentration of 4% w/v, and incubated
at room temperature for 20 min. Then, a 300 mesh grid sup-
port film (Electron Microscopy Sciences, USA) was placed on
the top of a drop of sample for 10 min. After that, the grid
was transferred to a 100 pl drop of distilled water to rinse 3
times for 2 min each time. Then 100 pl uranyl-acetate solu-
tion was placed on the grid for 10 min for negative staining.
Finally, the grid was rinsed with distilled water and then in-
cubated for 10 min on a drop of methylcellulose uranyl. The
samples were analyzed with an electron microscope.

ELISA

Lipoprotein contents were evaluated by ELISA. Human HDL,
LDL, and VLDL ELISA kits were purchased from LifeSpan
BioSciences, Inc. (Seattle, USA). ELISA tests were performed
according to the user manual provided by the manufacturer.
The results were read by a Synergy H1 microplate reader (Bio-
Tek, Winooski, USA).

Western blot

Human plasma and the separated samples from both outlets
were processed. All the samples were diluted 10 times for gel
electrophoresis. Proteins were separated by SDS-PAGE electro-

This journal is © The Royal Society of Chemistry 2019
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phoresis and transferred to a polyvinylidene fluoride mem-
brane (Bio-rad, USA). Then, membranes were incubated sepa-
rately with three different antibodies: mouse anti-CD63 (sc-
5275, 1 pg ml™, Santa Cruz), rabbit anti-TSG101 (ab30871, 1
pg ml™", Abcam), and mouse anti-HSP90 (ab13492, 1 ug ml ™,
Abcam), followed by incubation with the appropriate HRP
secondary antibody, including goat anti-mouse IgG (ab97040,
0.05 pug ml™', Abcam) and goat anti-rabbit IgG (ab97080, 0.05
pug ml, Abcam). A Bio-Rad ChemiDoc XRS+ system was
employed for quantification of protein expression levels.

Results
Numerical studies of acoustic pressure and particle behavior

The SAW frequency was ~20 MHz, which indicated that the
wavelength of SAW propagating on the LiNbO; substrate was
~200 pm. Thus, the distance between pressure nodes of the
SSAW on the substrate was ~100 pm. Therefore, the channel
dimensions needed to be reduced to match the wavelength.
The channel width was set as 120 pm in order to avoid the
formation of multiple nodes and antinodes within the chan-
nel. The channel height was set as 50 pm, which was less
than the wavelength of the acoustic wave in fluid (the acous-
tic wavelength in water is ~75 um at 20 MHz).

(a) ) 100 KM 10°
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20

Beads with positive contrast

7 Uy > \ .:.___-'-'-'. —= =
| y. ! T n T T
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z L I B Y\
| y ! \‘.& \AQ\\\W/(/‘ /.J'__‘_
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Fig. 2 Numerical simulation of (a) acoustic pressure distribution
induced by SSAW and (b and c) particle trajectories tracing. The plot is
the cross-section plane of the channel.
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Fig. 3 Acoustic manipulation of polystyrene (PS) and PDMS beads. (a) 970 nm PS beads are focused to acoustic pressure nodes and directed to
side outlets. (b) 110 nm PS beads are driven away from the center of the channel. (c) Size distribution of synthesized PDMS beads. (d) PDMS beads
are focused in the center of the channel at the acoustic pressure antinode. (e) Schematic of channel outlet design.

Our acoustofluidic separation device was simulated using
the finite element software package COMSOL Multiphysics®
4.3a. We previously reported our detailed modeling pro-
*3% Fig. 2a shows the cross-section view of the simu-
lated absolute acoustic pressure distribution within the rect-
angular microfluidic channel. When the center point of the
channel surface has minimal vibration amplitude, a pressure
antinode is generated in the middle of the channel. On the
other hand, two pressure nodes are located at ~20 pm and
~100 pm in the y-direction. It is notable that besides the two
channel pressure nodes, the area next to the side walls also
had low acoustic pressure.

Based on patterns of acoustic pressure, the behavior of parti-
cles under the acoustic field was also simulated. The trajectories
and final focusing points when uniformly placing particles with
positive or negative acoustic contrast are shown in
Fig. 2b and c. The simulation results reveal that for particles
with positive acoustic contrast, there were two primary focusing
points located in between the center and two sidewalls and four
minor focusing points located adjacent to the two sidewalls. On
the other hand, the particles with negative acoustic contrast, as
predicted, were focused in the center of the channel.

CESS.
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Acoustic manipulation of particles with different acoustic
contrast factors

Based on our numerical simulation, we were able to find
the acoustic pressure node and antinode patterns. The re-
sults (Fig. 2) suggested that distinct particle characteristics
can be identified. Therefore, we explored the particle behav-
ior experimentally using PS and synthesized PDMS beads,
which have acoustic contrast factors of 0.58 and -1.16, re-
spectively. Notably, there were two primary focusing points
within the channel for 970 nm PS particles. Additionally, PS
particles could also be pushed to the side walls (Fig. 3a). Af-
ter being pushed away from the center of the channel, the
PS particles were directed to two side outlets, which
connected to one single outlet port for collection. We there-
fore referred to the side channel exit path as the positive
contrast exit. We also tested 110 nm PS particles to mimic
small bioparticles. Even though the 110 nm particles were
not focused into a narrow line (because the acoustic force
was less than the force experienced by larger particles), an
obvious particle-free area was observed in the center of the
channel (Fig. 3b), indicating that 110 nm PS particles were

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Particle size distributions of (a) samples collected from the negative
contrast outlet and (b) samples emerging from the positive contrast outlet.

also pushed away from acoustic pressure antinode, and
could be primarily directed to the side outlets.

To contrast with the PS beads, we used synthesized PDMS
beads to show the behavior of particles with negative acoustic
contrast factors. As shown in Fig. 3c, the synthesized PDMS
beads ranged from ~100 nm to ~2 pm in diameter, which is
similar to the size range of lipoproteins. With the same ex-
perimental conditions, PDMS beads were focused in the cen-
ter of the channel, and then exited through the central outlet

—
Q
S

Negative
contrast outlet

b

—
S

Positive
contrast outlet
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(Fig. 3d). Because the particles with a negative acoustic con-
trast factor exited through the center channel, it was referred
to as the negative contrast outlet. In summary, by using our
acoustofluidic separation method, we successfully demon-
strated the separation of PS and PDMS beads, relying on dif-
ferences in acoustic contrast rather than particle size.

Acoustic separation of EVs and lipoproteins

Having identified the underlying mechanism and optimal
working conditions of the acoustofluidic separation devices,
we conducted the EV/lipoprotein separation. Human plasma
samples were injected into the acoustofluidic device, and the
output from the device was collected and characterized.

The size distribution of the bioparticles was first examined
by nanoparticle tracking analysis, as shown in Fig. 4. It was
predicted that samples collected from the negative contrast
outlet (central outlet) contained particles with negative con-
trast factors, which likely refers to IDLs, VLDLs, and chylomi-
crons. The size of the particles collected from the central out-
let ranged from ~20 nm to 600 nm, with very few particles
smaller than ~20 nm. This is consistent with the size data
for the lipoprotein subgroups of negative contrast factor, and
it also suggests that smaller lipoproteins with positive con-
trast factors (Le., HDLs) were not isolated. On the other
hand, the sample from the positive contrast outlet (side out-
let) showed a size range from several nanometers to >600
nm. This was consistent with the expected result because
both HDLs and EV subgroups (ie., exosomes and micro-
vesicles) are collected through these outlets. Though a minor
difference was noted, the size distribution curves for both
samples were similar. This again indicated that our
acoustofluidic separation, in this case, was not based on size.

1ﬁ0 nm

500 nm

Fig. 5 Characterization of separated samples from (a and c) negative contrast outlet and (b and d) positive contrast outlet. (a and b): Bright field
and fluorescent images of lipid staining. Particles with high lipid content level are stained by green fluorescence. TEM images reveal the presence
of particles with different appearance. (c) Particles with a lipid core and monolayer membrane are enriched in the negative contrast outlet. (d)
Bilayer membrane vesicle-like structures are observed in positive contrast outlet.
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Fig. 6 Characterization of lipoprotein contents separated by the acoustofluidic method. (a) VLDL, (b) LDL, and (c) HDL level in plasma sample,
sample collected from negative contrast outlet, and sample from positive contrast outlet are tested. Data is obtained from three individual tests
using the same plasma sample. *: p < 0.05, **: p < 0.01. (d) Western blot of samples collected from negative contrast outlet, positive contrast
outlet and plasma. EV markers (HSP90, TSG101 and CD63) show high expression in positive contrast outlet and plasma, while no expression in

negative contrast outlet.

Characterization of separated lipoproteins and EVs

We collected samples from both negative contrast and posi-
tive contrast outlets after acoustofluidic separation. Then we
characterized the contents to verify the presence of lipopro-
tein subgroups and EVs.

First, we performed lipid staining using a fluorescent neu-
tral lipid dye. Lipoproteins are rich in lipids, especially VLDL,
IDL, and chylomicrons, as indicated by Table 2. The results
are shown in Fig. 5a and b. When comparing the left and
right panels of Fig. 5a, all bright field visible particles were
also positive for green fluorescence. Furthermore, the fluores-
cent image also showed submicron-sized particles that were
barely visible under bright field. The results suggested that
the particles collected from negative contrast outlet contain
high proportions of lipid contents, which is a unique charac-
teristic of lipoproteins. On the other hand, no fluorescence
positive particles were observed in the sample collected from
positive contrast outlet, as shown in Fig. 5b. The results
showed that those visible particles in the positive contrast
outlet were inadequate in terms of lipid contents. This indi-
cated that the sample from positive contrast outlet contained
few large subgroups of lipoproteins, e.g., chylomicrons or
others.

Noting that the optical microscope images had limited
resolution to distinguish particles around or smaller than
100 nm, we examined the samples using a transmission
electron microscope (TEM), as shown in Fig. 5¢ and d. As
expected, particles in the sample collected from the negative
contrast outlet presented distinct characteristics under the
electron microscope that were referred to lipoproteins.***®
The size of particles ranged from less than 100 nm to more
than 500 nm, which also matched with the size of lipopro-
teins. In contrast, the particles in the positive contrast outlet
were of a bilayer membrane structure, which is typical vesicu-
lar morphology.*”*’ The sample contained large vesicles that
exceeded 300 nm as well as exosomes which were ~100 nm
in diameter, as shown in Fig. 5d.

To further verify the presence of EVs or lipoproteins, we
used western blot and ELISA to probe the level of lipoprotein

1180 | Lab Chip, 2019, 19, 1174-1182

subclasses and EV protein markers in both outlets, as well as
in the initial plasma sample (Fig. 6). Notably, the sample
from negative contrast outlet contained high levels of VLDL,
while there was a very small amount of VLDL present in the
sample collected from the positive contrast outlets. This indi-
cated that particles of negative acoustic contrast factor (e.g.,
VLDL) were directed to the central outlet by the
acoustofluidic separation device. Fig. 6b shows that the two
outlets contained equal amounts of LDLs. This was expected
because the acoustic contrast factor of LDLs ranged from
negative to positive across the known parameter values. In
contrast, the HDL level in the side outlets was much higher
than the central outlet, indicating that HDL particles were
pushed to the side channels within the acoustofluidic separa-
tion device. We examined the expression level of EV markers
in the samples collected from both outlets and dilute plasma
sample by western blot, as shown in Fig. 6d. We analyzed EV
endoplasmic reticulum protein HSP90, membrane-binding
protein TSG101, and membrane tetraspanin CD63. The sam-
ple collected from the negative contrast outlet had a low ex-
pression for all three proteins, which indicated the absence
of EVs. On the other hand, the sample collected from the
positive contrast outlet expressed a high level of vesicular
proteins, akin to that in plasma.

In summary, the acoustofluidic device successfully demon-
strated the separation of lipoprotein subgroups based on
their acoustic contrast factors. Subgroups with negative con-
trast factors were extracted from the whole population of li-
poproteins and also separated from other plasma bioparticles
(such as EVs). Thus, the samples collected from positive con-
trast outlet contained purified EVs.

Discussion and conclusion

Acoustofluidics is an efficient, biocompatible method for sep-
arating biological objects based mainly on size. In this work,
we further expanded the capability of the acoustofluidic sepa-
ration technology for separating submicron scale objects
based primarily on acoustic properties. The acoustofluidic

This journal is © The Royal Society of Chemistry 2019
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device presented here is the first on-chip approach that can
separate EVs and subgroups of lipoproteins. Thus far we have
demonstrated the separation of EVs and lipoprotein sub-
groups that exhibit negative contrast vs. positive contrast.
Specifically, IDLs, VLDLs, and chylomicrons are separated
from HDLs, exosomes and other EV subgroups. We demon-
strated that VLDL was reduced by ~70% in the EV collec-
tions, and no expressions of EV markers were found in lipo-
protein fractions. Efficiency could be improved by increasing
the length of microfluidic channel. Compared to conven-
tional isolation methods, the acoustofluidic separation sys-
tem is label-free, fast, inexpensive, and biocompatible to vesi-
cles and lipoproteins, making it an excellent tool for EV-
related or lipoproteinrelated studies and clinical
applications.

Although this work aims to separate EVs and all the lipo-
protein subgroups, some of the components, e.g., HDL and
LDL, were not isolated. To further develop an approach that
can purify all lipoprotein sub-classes, additional strategies
should be deployed using the current acoustofluidic separa-
tion system. For example, the acoustic contrast factor of LDL,
as mentioned, is not always negative in plasma. A possible
solution may be in altering the medium properties. Increas-
ing the density of plasma with additives will change the con-
trast factor of LDL to be totally negative. By doing so, LDL
can be extracted along with IDL, VLDL and chylomicrons
from those particles with positive acoustic contrast. This ap-
proach will also improve separation efficiency, since the ab-
solute values of acoustic contrast factors will be larger, caus-
ing an increase of the acoustic radiation force. Furthermore,
it is also possible to separate HDL from EVs, since HDL is
the smallest subgroup of lipoproteins, and smaller than exo-
somes. In our recent work, we have demonstrated that by
integrating two acoustofluidic separation modules into a sin-
gle device, we can separate exosomes from other EVs.** In
forthcoming work, an integrated acoustofluidic separation
system can be implemented to separate all subgroups of EVs
and lipoproteins.
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