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ABSTRACT
Extracellular vesicles (EVs) are small membrane-bound phospholipid vesicles secreted by most
cells, such as blood cells, tumor cells, and fetal cells. EVs have been recognized as vital biological
mediators in intercellular communications and play important functions in tissue repair, neural
communication, immune response, etc. Thus, EVs were noticed as valuable biomarkers for diagnostics
and therapeutics. However, the small size of EVs and their complex biological environment raise a
significant technical challenge in sample preparation. Conventional isolation processes often require large
sample volumes, expensive reagents and may cause damages to EVs, limiting the rapid and convenient
analysis of EVs.
Recently, the acoustic tweezers technique, which is capable of manipulating cells and
microparticles in high-precision, highly biocompatible, and label-free, has been developed to separate
different bioparticles based on small differences in their sizes, densities, and compressibilities. In this
thesis, we developed a titled-angle standing surface acoustic wave (taSSAW) based isolation system that
size-specifically isolates EVs in a label-free and contact-free manner. The taSSAW separation system can
reach >90% separation efficiency, large handling volume, and high throughput, making the acoustic EVs
separation system as a reliable tool for EV related study and clinical diagnosis.
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Chapter 1
Introduction and Background
1.1 Motivation
Microfluidics, the confinement of fluid flow to microscale, attracts more and more
attention in the biological society. By scaling the flow domain down to microliter level,
microfluidics allows for low sample consumption, precise biological objective manipulation, and
fast momentum/energy transportation. For example, various cell operations, such as culturing,
manipulation, separation, and sorting, have already been demonstrated with microfluidic
approaches.1,2
One microfluidic approach that has received significant attention in recent years is
acoustofluidics. Acoustofluidics deals with the study and application of acoustic waves in the
micrometer/nanometer scale fluidic environments.3 Surface acoustic waves (SAWs) are acoustic
waves that propagate along the surface of an elastic material.4 Currently, SAWs are used in cell
phones for signal processing, touch screens of electronics, and biological/chemical sensors.
Moreover, SAW also shows great advantages in controlling fluids and particles on microfluidic
devices as follows.
1. Non-contact: SAWs manipulate particles and cells by the acoustic radiation force and
fluids by the acoustic streaming. SAWs represent a contact-free manipulation manner, avoiding
the possible sample contamination.
2. Biocompatibility: The acoustic power used in SAW-based devices is similar with that
of ultrasound imaging, which has been proven to be extremely safe for health monitoring during
pregnancy. Cell viability and proliferation tests from the literature also showed noninvasive
results.
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3. Versatility: SAW technologies have been used in various chemical sensor and
biosensors, fluid control (moving, mixing, jetting, and atomization), and particle manipulation
(focusing, patterning, separation, and sorting) regardless of the material properties. SAW
technologies are capable of manipulating most particles with length scales from nm to mm.
4. Simple and Inexpensive: The fabrication of SAW devices is simple and cheap.
Compared with optical tweezers, SAW devices do not need complex and expensive optical
setups. SAW devices are also convenient to integrate with analysis components for diagnosis.
5. Precise and Efficient: Compared with bulk acoustic wave (BAW), SAW is able to
better control the frequencies in a wide range and require less power consumption because SAW
confines most of its energy near the surface. Thus, SAW could manipulate particles and cells
more precisely.
1.2 Problem statement and goals
As the vital class of circulating biomarkers in liquid biopsy, extracellular vesicles serve
as important vehicles in intercellular communications. Isolation of extracellular vesicles for
biological studies is necessary for further understanding the functions of vesicles. However, there
is no universally established protocol for isolating vesicles till now because of their small sizes
and complex media. Although ultracentrifugation has proven to be an effective method for
isolating extracellular vesicles, the high centrifugal forces have been shown to cause vesicle
fusion, altering the physical and functional properties of vesicles for downstream analysis.5
Furthermore, ultracentrifugation is also time-consuming and expensive. Thus, a simple,
inexpensive, and gentle method to isolate extracellular vesicles with high recovery rate is
needed.
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The goal of this project is to develop a specialized acoustic tweezers device for the onchip isolation of extracellular vesicles from whole blood samples, especially in the complex
processes of tumor onset and growth. Figure 1-1 is a schematic of the end product for the
acoustic isolation system. The proposed system is composed of a portable, permanent instrument
and a disposable acoustic separation chip with two units: (1) an acoustic tweezer isolation unit
designed to remove all whole blood components larger than 1 µm, including white blood cells
(with diameters of 12-15 µm), red blood cells (with diameters of 6-8 µm), platelets (with
diameters of 2-3 µm), and apoptotic bodies (with diameters of 1-5 µm), and (2) an acoustic
tweezers isolation unit designed to separate exosomes (with diameters of 0.03-0.1 µm) from
microvesicles (with diameters of 0.1-1 µm).

Figure 1-1. A schematic showing the two units of the proposed extracellular vesicles separation
system based on acoustics.
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1.3 Overview
This thesis describes our research efforts on acoustic isolation of extracellular vesicles. In
Chapter 2, we reviewed the extracellular vesicles background, different separation techniques,
and acoustic tweezer technique. In Chapter 3, the design of acoustic device and separation results
of extracellular vesicles are presented. It is the first time to realize acoustic isolation of whole
blood extracellular vesicles. Chapter 4 summarizes this dissertation and gives perspectives for
future extracellular vesicles research.
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Chapter 2
Literature Review
2.1 Extracellular vesicles
Extracellular vesicles are nanometer to micrometer sized membrane-bound containers
secreted by various cells, such as cancer cells, red blood cells, fetal cells, and immune cells.6
Figure 2-1 shows the origin, content, and widespread existence of extracellular vesicles in human
bodies. Extracellular vesicles exist in many body fluids, including blood, urine, breast milk,
saliva, sputum, semen, ascites fluid, amniotic fluid, and cerebrospinal fluid. According to their
sizes, extracellular vesicles can be divided into three families: exosomes (with diameter of 30100 nm), microvesicles (with diameter of 100-1000 nm), and apoptotic bodies (with diameter of
1-5 um). Extracellular vesicles have been recognized as vital biological mediators in intercellular
communications, cell signaling, and immune response. Extracellular vesicles carry abundant
genetic materials from their cell of origin, such as protein, lipid, RNA, and DNA. Genetic
information transferred via vesicles has been shown to alter protein production in recipient cells.
Extracellular vesicles are associated with the pathogenesis of certain diseases, including cancer,
neurodegenerative disease, and diseases of the kidney and liver. For example, vesicles secreted
from dendritic cells can trigger immune responses against tumor cells, while tumor-derived
vesicles possess immunosuppression, helping tumor cells evade immune recognition.7
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Figure 2-1. (a) The biogenesis of extracellular vesicles from cells. (b) The contents of exosomes
and microvesicles. (c) Extracellular vesicles exist in most body fluids.8

Extracellular vesicles have significant advantages over many other biomarkers, including
circulating tumor cells (CTCs), another class of circulating biomarkers that has gained
significant attention over the past decade.9 However, CTCs are extremely rare (1‒100 cells per 1
mL) and fragile (CTC apoptosis begins very early after separation from the tumor of origin),
making them difficult to isolate and maintain ex vivo. On the other hand, vesicles are highly
abundant (with concentrations ranging from thousands to billions per µL, depending on the
biofluid) and stable, capable of preserving their content though multiple freeze and thaw cycles.
In addition, the potential to diagnose diseases other than cancer, such as Alzheimer’s disease and
hepatitis C, renders extracellular vesicles a more versatile diagnostic tool.10,11

7

In recent years, several commercial products for diagnosis and therapy have been
invented. As shown in Figure 2-2, Glybera, the first commercial gene therapy product, is using
extracellular vesicles to enhance gene delivery efficiency.12 Exosome-mediated Adenoassociated virus (AAV) vector are gradually serving as a robust and convenient neuroscience
tool.

Figure 2-2. Extracellular vesicles are getting increasing attentions and have been applied into
commercial therapy product.

2.2 Conventional extracellular vesicles isolation techniques
The most common method to purify extracellular vesicles is ultracentrifugation, which
includes a series of centrifugation steps. While ultracentrifugation has proven to be an effective
method for isolating extracellular vesicles, the high centrifugal forces (100000×g) have been
shown to cause vesicle fusion, altering the physical and functional properties of the exosomes for
downstream analysis. The entire differential centrifugation process is not only time-consuming
(4-5 hours), expensive ($50,000-100,000), and demanding of highly training personnel, but the
vesicles recovery rates are typically low (5-25% of initial extracellular vesicle population) and
suffer from low repeatability.13
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Figure 2-3. Schematic of extracellular vesicle isolation by ultracentrifugation.14
Recently, numerous commercial kits including precipitation reagents have been made for
vesicles isolation.15 The reagents reduce the solubility by lowering the hydration of vesicles and
lead to precipitation. Extracellular vesicles can be separated at a low centrifugation force with
high yield by using the kits. However, these kits are too expensive to be widely used and the
final vesicles are with low purity due to co-precipitation of proteins and vesicles.16 Moreover,
some of the kits require a very long incubation time (up to 12 hours). To circumvent the
difficulties associated with differential centrifugation, other extracellular vesicle isolation
techniques have been implemented.
2.2.1 Immunoaffinity separation
Extracellular vesicles can be isolated with an immunoaffinity approach, which relies on the
knowledge of proteomic on the surface of vesicles. The protein contents of vesicles have been
extensively analyzed from various cell types and body fluids by MS, Western blotting,
fluorescence-activated cell sorting, and immune-electron microscopy. Until now, the proteomic
studies have revealed hundreds of proteins from extracellular vesicles. These proteins provide a
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unique tissue/cell type signature and set the biochemical basis for immunoaffinity isolation of
extracellular vesicles. For example, tumor cell secreted vesicles were usually isolated with
human epidermal growth factor receptor 2 (HER2). To detect HIV-1, anti-CD45-conjugated
microbeads was used to remove vesicles from Jurkat T cells by immunoaffinity depletion. More
antibody types and the origin of targeting exosome are listed in the following table.
Table 1. Antigens of different exosome types.
Antigen
MHC Class II, MHC Class I, CD80, CD86,
CD54, CD59, CD20
MHC Class II, MHC Class I, CD1a, CD80,
CD86, CD59, CD63
A33

HER2

Epithelial cell adhesion molecules (EpCAM),
IGF-1R α units (α-IGF-1R) and CA125
CD63

Exosome type
B cell derived exosomes

dendritic cell-derived exosomes
colorectal cancer cell (LIM1215)-derived
exosomes.
Human breast adenocarcinoma cell lines
BT-474
Non-small-cell lung cancer (NSCLC) cell
ovarian cancer
(OVCA)

CD63

Circulatory extracellular vesicles (cirEVs)
melanoma cells

CD45

Jurkat T cells

HER2

Breast cancer

prostate specific antigen (PSA)

prostate cancer

Isolation of exosomes with immunoaffinity method usually involves a “binding-separation”
two-step procedure: binding of vesicles with antibody modified matrix including particles and
surfaces; and separation of those particles or rinse the surface to isolate exosome. For magnetic
beads based separation, culture medium was subjected to serial centrifugation (200×g for 5 min,
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2000×g for 10 min, and finally 2000×g for 10 min) to remove cells and debris at first. Then
magnetic beads coated with antibodies were incubated with cell-free supernatants for 24 h on a
rolling machine to make sure that beads were coated with enough vesicles (Figure 2-4a).17 For
analysis, vesicle-bead complexes were incubated with antibody labeled with FITC and analyzed
by flow cytometry (Figure 2-4b). With this method, surface markers and release regulation
mechanisms of extracellular vesicles were characterized, suggesting a possible function in
immune regulation.
Recently, antibody-coated magnetic beads for vesicles separation, including Exo-Flow™ and
ExocapTM, have been commercialized and widely used in tumor vesicle research according to the
different tumor surface markers.18 Vesicles derived from epithelial tumors express epithelial cell
adhesion molecule (EpCAM) on their surface, which can be used for selective magnetic
separation. Serum samples from ovarian cancer patients were mixed and incubated with antiEpCAM magnetic beads for 2 h at 4 °C. After washed with TBS, the magnetic immune
complexes were placed in the magnetic field for separation. The isolated vesicles bound beads
were diluted in IgG elution buffer and the complex was centrifuged to separate the beads from
the vesicles. Similarly, A33-expressing tumor vesicles were collected from the colon carcinoma
cell lines, such as LIM1215 and LIM1863, with A33-antibody coated beads. Furthermore,
Andrew K. Godwin group at University of Kansas Medical Center combined the immunemagnetic beads separation method with microfluidic technology together for lung cancer vesicle
study, reducing the assay time and sample volume requirement (Figure 2-4c). RNA can be
extracted from the separated vesicles, providing a source of information for cancer diagnosis.19-21
Magnetic beads assisted vesicle separation featured with advantages: first, the separation
protocol is mature. The combination of antibody and magnetic beads is commercially available
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(Dyna beads). Thus, this separation approach can be widely used for many biology laboratories.
Second, this method is easy for integration with down-streaming analysis. Since the
microparticles can be fabricated with predefined sizes and fluorescent properties, after binding
with vesicles, the method could be easily integrated with flow cytometer facilities for abundance
analysis.

Figure 2-4. Immune-magnetic beads based vesicle separation. (a) Vesicles coated magnetic
beads. (b) Flow cytometer analysis result of separated vesicles. (c) Integrated magneticmicrofluidic vesicle separation and analysis system.
Besides binding the exosomes and microparticles, extracellular vesicles can also be
conjugated with antibody coated flat surfaces (i.e. channel wall, array substrate). After binding,
the linked vesicles are isolated by simply rinsing off the surfaces. As an example, Malene
Jorgensen et al. used printed microarrays to capture the vesicles for multiplexed phenotyping. A
cocktail of antibodies against CD9, CD63, and CD81 was used to detect the vesicles from blood
sample. Binding vesicles with flat substrate, instead of particles, significantly reduced the
difficulty in separation process.22 However, due to the limited flat surface area, the yield of this
method is low.
2.2.2 Size-based separation
Extracellular vesicles can be separated efficiently from cells and debris according to size
differences by using nano-sized membrane filters. Membranes with pore sizes of 0.2, 0.22, and
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0.45 μm are widely used to remove large debris. To enhance the purity, a combination of
filtration and ultracentrifugation is developed.
Inspired by the membrane filtration, ciliated micropillar structure forming a microporous
silicon nano-wire was fabricated to selectively trap particles in the range of 40–100 nm by
Zongxing Wang et al. As shown in Figure 2-5, using liposomes of known sizes as model
vesicles, the ciliated micropillars preferentially trap exosome-like lipid vesicles while allowing
smaller proteins and larger nanoparticles with the size of cellular debris to pass by unhindered.
The captured lipid vesicles can be released by dissolving the porous silicon nanowires in PBS
buffer, thus allowing for their intact and highly purified recovery. Though the trapping step is
relatively fast (~10 min), the dissolution time of the silicon nanowire in PBS buffer is long and
the recovery rate is not satisfactory.

Figure 2-5. A schematic of the ciliated micropillar arrays for exosome isolation.23

13

A novel microfluidic technology that separates microvesicles from heterogeneous
populations of cancer-cell-derived vesicles by using the principles of deterministic lateral
displacement (DLD) was also designed by controlling particle trajectories as a function of their
properties.24
2.3 Acoustic particle separation
Surface acoustic wave (SAW) is a sound wave that has both a longitudinal and a vertical
shear component, which was first explained by Lord Rayleigh in 1855. SAW could leak into any
media in contact with the wave propagation surface. The common method to generate SAW is
applying a radio frequency (RF) signal to a piezoelectric substrate, such as lithium niobate
(LiNbO3), quartz, and ceramics. The piezoelectric materials have responses to the RF signal
generates mechanical vibrations on the substrate. One of the most attractive aspects of using
SAWs for microfluidic manipulation and vibration is the efficient fluid-structural coupling
owing to the presence of most of the energy adjacent to the interface. Compared with bulk
acoustic wave (BAW), SAW can reach much higher frequencies and require less power to
generate.
In 2009, a standing surface acoustic wave (SSAW) separation method was reported by
Tony Huang’s group at Penn State University, which was based on the acoustic tweezers
technique that was able to manipulate and pattern cells and microparticles.25 Interdigital
transducers (IDTs) are evaporated onto a LiNbO3 piezoelectric substrate and a signal generator is
used to apply an input voltage to the IDTs. By bonding a PDMS channel on top of the LiNbO3
substrate, an acoustic tweezer device can be made. Figure 2-6 showed SAWs were generated
once IDTs were activated. Because the IDTs were placed on either side of the microfluidic
channel, SAWs propagate in opposite directions into the fluid and interfere to establish a
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standing wave field in the PDMS chamber. There is a periodic distribution of pressure nodes
(minimum pressure) and pressure antinodes (maximum pressure).

Figure 2-6. Schematic of a typical acoustic tweezers device.26
The SAW field is coupled into the liquid in the microchannel, resulting in the pressure
fluctuations in the liquid. Pressure fluctuations in the liquid result in acoustic radiation forces
that act on particles and position them at the pressure nodes or pressure antinodes, depending on
the properties of the particle. The acoustic radiation force (Fr) is related to the volume of the
particle, wavelength, wave vector, density of the particle and fluid, and etc. As the particle
moves in the fluid, it is opposed by the Stokes drag force (Fd). Other forces acting on the particle,
like gravity and buoyant forces, are almost balanced. Due to the fact that the acoustic force is
proportional to the volume (r3) of the a particle, while the viscous force is proportional to the
radius of a particle (r), larger particles experience much larger net forces and therefore move
towards the pressure node faster than smaller ones. Thus the particles are repositioned with
different lateral displacements along the cross-section of the channel. In this way, the particles
are separated based on their sizes. The minimum size difference between particles that the device
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can isolate can be adjusted by tuning the input power, wave frequency, the channel design, and
the flow rate. Figure 2-7 shows how the acoustic tweezers can be applied to continuously
separate particles of different sizes. Once the particles enter the SAW region, the acoustic force
drives the large particles to the center of the channel from the sidewalls. Because the magnitude
of the acoustic force is proportional to size of the particle, the small particles do not experience
enough force to push them to the center, and remain on the side outlets. The device could
separate polystyrene beads of two different sizes (with diameters of 0.87 μm and 4.17 μm) with
high efficiency (>80%) and 30 mW power.

Figure 2-7. (a) Schematic of acoustic tweezers used for continuous particle separation. (b) Forces
acting on the particles within the acoustic field.25
However, in the device of Figure 2-7, the maximum separation distance is limited to a
quarter of the acoustic wavelength. This leads to relatively low separation efficiency and
sensitivity. To overcome this limitation, a tilted-angle standing surface acoustic wave (taSSAW)
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approach was proposed where the PDMS microchannel had an inclined angle to the IDTs. With
this design, the migration distance of the particles could be a few times or tens of times the
acoustic wavelength, which is significantly higher than that of the SSAW approaches. The ability
of taSSAW to achieve much larger separation distances leads to better separation sensitivity. The
taSSAW-based separation device was used to successfully separate polystyrene beads (with
diameters of 2 µm and 10 µm) and MCF-7 cancer cells (with diameter of 20 µm) from normal
leukocytes (with diameter of 12 µm). Figure 2-8a shows a photo of the taSSAW-based
separation device, while Figures 2-8b and c show the device being used to separate 10 µm
polystyrene beads from 2 µm polystyrene beads.
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Figure 2-8. (a) Photographic image of the ta-SSAW separation device. (b) The active region of
the sorting device and (c) the outlet, showing 10 µm beads being collected from the top outlet,
while the 2 µm beads remain in the bottom outlet.27
The taSSAW device could achieve a separation efficiency as high as 99% for the
separation of 10 µm beads from 2 µm beads and 97% efficiency for the separation of 9.9 µm
beads from 7.3 µm beads. When separating MCF-7 cancer cells from white blood cells, 71% of
the MCF-7 cancer cells were recovered with a purity of 84%. This approach shows tremendous
potential for cancer diagnostics. By changing the operating parameters (i.e. flow rate and input
power) as well as the design parameters (i.e. IDT wavelength, IDT angle, channel height, and
channel width), the device could be applied to different separation applications.
Cell viability and proliferation assays were conducted to verify the biocompatibility of
the acoustic separation technique by measuring cell metabolic activity and DNA synthesis, as
shown in Figure 2-9A and 2-9B. MCF-7 cells were pumped into the microfluidic device at a
flow rate of 2 μL/min under an input power of 25 dBm. Cell tests were carried out immediately
after collection. Cells that were not processed in the device and those flowing through the device
with SAW off were tested as control groups. Direct staining of cell viability, as shown in Figure
2-9C–E, indicates that no significant damage was found in the physiological properties of the
processed cells as a consequence of the taSSAW experiment.
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Figure 2-9. Cell viability and proliferation assays. Experimental results for MCF-7 Cell (A)
viability and (B) proliferation tests for four different samples: (i) positive control (no SAW
treatment), (ii) cells passing through the device with SAW off, (iii) cells passing through the
device with SAW on, and (iv) negative control. Cell viability imaging was also carried out for
(C) positive control, (D) cells passing through the device with SAW off, and (E) cells passing
through the device with SAW.27
Peng Li et al. further developed the taSSAW for circulating tumor cells (CTCs)
separation, which is shown in Figure 2-10. CTCs are important targets for cancer biology
studies. To fully understand the role of CTCs in cancer metastasis and prognosis deeply,
effective methods for isolating extremely rare tumor cells (1-100 cells/mL) from peripheral
blood must be developed. By optimizing the key design parameters (tilt angle and the length of
acoustic field) and improving the separation throughput of cancer cells more than 20 times
higher (1.2 mL/h), the taSSAW successfully separated CTCs from peripheral blood samples
obtained from real cancer patients, indicating the great potential to serve as an invaluable
supplemental tool in cancer research, diagnostics, drug assessment, and therapeutics.
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Figure 2-10. Schematic illustration and image of the high-throughput taSSAW device for cancer
cell separation. (A) Illustration of taSSAW-based cell separation. (B) Schematic of the working
mechanism behind taSSAW-based cell separation. The direction of the pressure nodes and
pressure antinodes were established at an angle of inclination (θ) to the fluid flow direction
inside a microfluidic channel. Larger CTCs experience a larger acoustic radiation force (Fac)
than WBCs (Faw). As a result, CTCs have a larger vertical displacement (normal to the flow
direction) than WBCs. Fdc and Fdw are the drag force experienced by CTCs and WBCs,
respectively. (C) An actual image of the taSSAW cell separation device. Blue ink was used to
help visualize the microfluidic channel.28
Immunofluorescent staining of cytokeratin (CK) and pan-leukocyte marker CD45 was
first used to determine the identity of the cells using conventional detection methods. Cells were
identified as CTCs if the immunofluorescent pattern is DAPI+/CK8,18+/CD45−; otherwise, cells
were identified as WBCs. Typical fluorescent images are shown in Figure 2-11. WBCs can be
distinguished from the CTCs because they showed an immunostaining pattern of
DAPI+/CK8,18−/CD45+.
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Figure 2-11. Immunofluorescence images for the identification of CTCs in blood samples from
breast cancer patients. Four channels, DAPI, CK8, CD45, and ER, were examined. (Scale bar, 4
μm)28
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Chapter 3
Acoustic Isolation of Whole Blood Extracellular Vesicles
3.1 Introduction
Blood transfusion is a key part of modern health care and millions of blood products are
transfused each year in the United States.29,30 Blood transfusions are given during injury, surgery,
bleeding, and disease. The quality of blood and blood products must be ensured for safe clinical
use and the quality monitoring system in blood transfusion is required by World Health
Organization. Transfusion of old blood carries higher risk of adverse effects compared with fresh
blood due to RBCs storage lesion, which means the morphological, chemical, and biological
changes of RBCs during the time of storage. RBCs storage lesion is accompanied by shedding
and release of extracellular vesicles (EVs).31-33 EVs are small membrane-bound phospholipid
vesicles secreted by various cells as vital mediators in intercellular communications and have
been recognized as crucial biomarkers for diagnosis.34-38 Generation of EVs in stored blood is
thought to be associated with adverse effects and potentially immunosuppression in blood
transfusion recipients.39 In stored blood units, the number of EVs increases over time and can be
applied in monitoring the quality of blood products. However, the lack of sensitive, standardized
EV assays poses a significant barrier to implementing EV analyses into clinical use. Although
EVs are abundant in blood, isolating these tiny particles from their complex media has proven
challenging.

Conventional

separation

processes,

such

as

multiple

filtration,40,41

ultracentrifugation,42,43 and immune-magnetic beads separation,44,45 often require large sample
volumes, expensive reagents and may cause damages to EVs, limiting their potential in rapid
analysis, point-of-care testing, and integration.46 Therefore, a label-free, reagent-free technique
that is simple to implement would fill an immediate need in the EV research field.
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In the last few years, the acoustic tweezers technique, which is capable of manipulating
cells and microparticles in high-precision, highly biocompatible, and label-free, has been
developed to separate different bioparticles based on small differences in their size, density, and
compressibility.47-54 Recently, Hakho Lee’s group applied this technique to packed RBCs EVs
separation.55 However, the maximal separation distance is limited to a quarter of the acoustic
wavelength with their parallel acoustic wave design, restricting the separation efficiency and
sensitivity. Due to low sample throughput (~0.24 µL/min), little sample handling volume (10
µL), and defective separation efficiency, this work still can’t fulfill the clinical requirements. At
least 50 µL human blood processing is needed for downstream EVs biological assay (i.e. ExoFlowTM, System Biosciences, USA)56 and it will take over 3h to prepare the EVs with the current
acoustic separation method. Moreover, though unprocessed whole blood is a vital target in blood
quality control system, there is a lack of whole blood EVs preparation method in microfluidics
and acoustofluidics. Off-chip blood dilution is required to maintain the separation efficiency.57,58
We herein demonstrated a tilted-angle standing surface acoustic wave (taSSAW) based
whole blood EVs separation method, in which pressure nodal lines are inclined at a specific
angle to the flow direction. With this design, bioparticles in the continuous flow whole blood
experience both the acoustic radiation force and the laminar drag force, making the lateral
displacement remarkably larger than that of the parallel acoustic EVs separation approaches.
With a cooling system implemented to cool down the device, larger input power and acoustic
force can be applied during the separation experiments. Hence the sample throughput of our
taSSAW EV separation device can be improved ten times and our device can handle large
sample volume in continuous flow.
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3.2 Working mechanism
Figure 3-1 shows the schematic of the taSSAW based whole blood EV separation device.
A pair of parallel interdigital transducers (IDTs) was deposited on the lithium niobate (LiNbO 3)
substrate. Afterwards, a polydimethylsiloxane (PDMS) microchannel was bonded to the
piezoelectric substrate with an inclined angle of 5o to the IDTs. When a power signal is applied
to the IDTs, standing surface acoustic waves (SSAWs) are generated, which propagate toward
each other and leak into the flowing whole blood inside the microchannel. The interference
between the IDTs forms a SSAW field and generates parallel pressure nodes (regions of
minimum pressure amplitude) and antinodes (regions of maximum pressure amplitude) at a
particular angle to the flow direction. Whole blood bioparticles flow into the SSAW field and
experience both the acoustic radiation force (Fa) and Stokes drag force (Fd), which can be
expressed as59-62
𝐹𝑎 = − (

𝜋𝑝02 𝑉𝑝 𝛽𝑓
2𝜆

𝜙(𝛽, 𝜌) =

) 𝜙(𝛽, 𝜌) sin(2𝑘𝑥)
5𝜌𝑝 −2𝜌𝑓
2𝜌𝑝 +𝜌𝑓

𝛽𝑝

−𝛽

𝐹𝑑 = −6𝜋𝜂𝑟𝑣

𝑓

(1)
(2)
(3)

where p0, Vp, λ, ϕ, k, x, ρp, ρf, βp, βf, η, r, and v are pressure amplitude, particle volume, acoustic
wavelength, contrast factor, wave vector, distance from the pressure node, density of the
bioparticles, density of the fluid, compressibility of the bioparticles, compressibility of the fluid,
fluid viscosity, radius of the bioparticles, and relative velocity, respectively. Fa tends to confine
bioparticles at the pressure nodes whereas the Fd pushes bioparticles forward along the flow
direction. Within the sample throughput upper bound, the acoustic radiation force dominates the
movement direction of bioparticles to the pressure nodes or antinodes depending on the contrast
factor (φ). In whole blood, bioparticles are pushed toward the pressure nodes. Bioparticles with
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different physical properties, such as size, density, and compressibility, experience different
amplitudes of the acoustic radiation force, which enables the separation using taSSAWs.

Figure 3-1. Schematic illustration and image of the taSSAW device for EV separation. (a)
Illustration of taSSAW based EV separation. (b) The working mechanism of the taSSAW based
EV separation. The direction of the pressure nodes and pressure antinodes were established at an
angle of inclination α to the fluid flow direction inside a microfluidic channel. RBCs experience
a larger acoustic radiation force (Far) than EVs (Fae). As a result, RBCs have a larger vertical
displacement than EVs. Fdr and Fde are the drag force experienced by RBCs and EVs,
respectively. (c) The fabricated taSSAW separation device with a penny for comparison.
3.3 Materials and methods
3.3.1 Device fabrication
Y+128o X-propagation LiNbO3 was used as the substrate to generate acoustic wave. The
IDTs were fabricated through standard photolithography processes. First, a metal double layer
(Cr/Au, 50 Å/500Å) was deposited with an e-beam evaporator (Semicore Corp, USA). Then a
pair of parallel IDTs with a period of 200 μm and width of 10 mm was formed on the LiNbO3
substrate by a lift-off process. A PDMS microchannel (height of 110 μm and width of 800 μm)
was fabricated by standard soft-lithography using SU-8 photoresist. A 0.75mm Harris Uni-Core
biopsy punch (World Precision Instrument, USA) was used to drill holes on PDMS channel to
form three inlets and two outlets. Sylgard 184 Silicone Elastomer Curing Agent and Base (Dow
Corning, USA) were mixed at 1:10 weight ratio, cast on top of the silicon mold, and cured at 65
°C for 30 min. Finally, the PDMS microchannel and the LiNbO3 substrate were placed in an
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oxygen plasma cleaner (PDC001, Harrick Plasma, USA) for 3 min, bonded together and cured
overnight for EVs separation experiment.
3.3.2 Experimental setup
110 nm (Dragon Green) and 5 μm polystyrene particles were purchased from Bangs
Laboratory, USA. Human whole blood was purchased from Zen-Bio, Inc. (USA) and stored at 4
°C. The taSSAW microfluidic device was placed on the stage of an upright microscope
(BX51WI, Olympus, Japan) with a Peltier cooling system (TEC1-12730, Hebei I.T., China)
during the separation experiment. The temperature of the Peltier cooling system can be adjusted
via a variable DC power supply (TP1505D, Tekpower, USA). A CCD camera (CoolSNAP HQ2,
Photometrics, USA) was used to record the separation process and the data were analyzed by
Image J (NIH, USA). The sample flow and sheath fluid were controlled by syringe pumps
(neMESYS, cetoni GmbH, Germany) individually. The microfluidic device and syringe pumps
were connected by polythene tubing (Smith Medical International, USA) with an inner diameter
of 0.28 mm. Before each experiment, pure ethanol was flushed through the whole microfluidic
channel to remove air bubbles. Separated EVs were collected in 1.5 mL microcentrifuge tubes
(LoBind, Eppendorf, Germany). The taSSAW was generated by applying a radio frequency
signal to the IDTs on the LiNbO3 substrate. The radio frequency signal was originated from a
function generator (E4422B, Agilent, USA) and an amplifier (100A250A, Amplifier Research,
USA). The input power was measured by an oscilloscope (DPO4104, Tektronix, USA). Due to
the fabrication deviation, there were small frequency shifts between the best working frequencies
of IDTs with the designed frequency (19.40 MHz). In the experiment, we observed the largest
separation displacement at 19.573 MHz. Therefore, the working frequency was set at the most
optimized 19.573 MHz, and the power inputs ranged from 20 to 40 Vpp. The size contribution
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and concentration of isolated samples were tested with Zetasizer Nano (ZEN0040, Malvern, UK)
and nanoparticle tracking analysis (NTA, Nanosight, UK). 405 nm laser and a high sensitive
digital camera system were configured on the NTA system. Collected videos were analyzed
using the NTA-software (version 2.1) with automatic setting.
3.3.3 Western blot
Isolated EVs, RBCs, and initial whole blood were prepared using M-PER mammalian
protein extraction reagent (Thermo Scientific, USA). Sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS/PAGE) was performed on the extracted protein (40 μg/lane) and then
transferred to a polyvinylidene fluoride (PVDF) membrane (Millipore, USA). The membrane
was incubated in 3% w/v bovine serum albumin (BSA, Sigma, USA) in phosphate buffered
saline with tween-20 (PBST) for 1 hour at room temperature. After subsequent washing steps,
the membrane was probed with primary antibodies for the integrin β1 (Abcam, USA),
glycophorin A (Abcam, USA) and CD 63 (Cell Signaling Technology, USA) at a ratio of 1:1000
in PBST with 3% BSA for overnight incubation. Chemiluminescence was detected by incubating
the membrane with HRP-conjugated secondary antibodies (Abcam, USA) at a ratio of 1:2000 for
1 hour at room temperature. Finally, Bio-Rad ChemiDoc XRS + system was employed for the
quantification of protein expression levels in the western blots.
3.4 Results and discussion
3.4.1 taSSAW-based nanoparticle separation
Before conducing EVs isolation experiments, we first evaluated the ability of our
taSSAW-based device to isolate nanoparticles from a mixture containing both microparticles and
nanoparticles. The mixture was prepared by mixing phosphate buffered saline (1× PBS, Life
Technology, USA) with 110 nm fluorescent particles (Dragon Green) as a model of EVs and 5
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μm polystyrene particles as a model of RBCs. The mixture was injected into the separation
device through the center (sample) inlet and then hydrodynamically focused into a narrow,
straight sample stream by two 1× PBS sheath flows introduced through two separate sheath
inlets. To ensure the sample stream (i.e., the particle mixture containing 110 nm and 5 μm
particles), when the taSSAW field was OFF, completely flow out through the top outlet as shown
in Figure 3-2a, the flow rate for the sample, top sheath, and bottom sheath inlets were
experimentally determined to be 2, 25, and 30 μL/min, respectively. Once the taSSAW field was
formed with an input power of 22 Vpp, 5 μm particles were extracted from the sample stream and
directed toward the bottom outlet, whereas 110 nm particles remained in the sample stream and
exited through the top outlet.

Figure 3-2. Validation of whole blood EVs separation with polystyrene particles. 110 nm
fluorescent particles and 5 μm particles were mixed and processed with the taSSAW separation
device (a). Particle size distribution of initial mixture and collected samples was measured by
dynamic light scattering, confirming the separation effect of the taSSAW device (b-d).
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After the particle separation experiments, the size distribution of the particles collected at
the two outlets was analyzed using the Zetasizer Nano to evaluate the particle separation
efficiency. 100 μL particle sample was needed to perform the analysis of size distribution. Figure
3-2b shows the size distribution of particles in the unprocessed mixture, while Figure 3-2c and 32d are the size distribution of particles collected, respectively, from the top and the bottom
outlets. The unprocessed mixture, as shown in Figure 3-2b, was analyzed to have two distinct
size-distribution peaks. The mixture processed with our taSSAW-based separation device, by
contrast, was analyzed to have only one size-distribution peak for both of the particle samples
collected from the top and bottom outlets, as shown in Figure 3-2c and 3-2d. In other words, 5
μm particles were completely separated from the mixture and then collected at the bottom outlet,
which at the same time enables the isolation of 110 nm particles from the mixture and the
collection at the top outlet. We further quantitatively characterized the performance of
nanoparticle separation by defining the separation efficiency as the percentage of 5 μm particles
that were collected from the bottom outlet. Our taSSAW device, through quantitative
characterization, was proved to achieve a separation efficiency as high as 99% for both 110 nm
and 5 μm particles. These results of particle separation not only demonstrates the capability of
our taSSAW-based device for separating nanoparticles from mixtures containing both
nanoparticles and microparticles, but also shows the potential for the isolation of EVs from
whole blood samples.
3.4.2 Isolation of EVs from whole blood
After validating our taSSAW-based device for nanoparticle separation, isolation of EVs
from whole blood was next to perform with the taSSAW-based separation device. The size of
EVs from whole blood is considered <200 nm. If all bioparticles that are >200 nm could be
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removed from the sample flow, such as RBCs and debris, the remaining bioparticles are
supposed to be pure EVs. Compared with polystyrene particles (ϕ=0.76), the contrast factor of
EVs is much smaller (ϕ=0.38).63 Thus, larger input power and acoustic force are needed to
realize the high EVs separation efficiency. However, there are two concerns when using larger
input power. First of all, using large input power generates Joule heating, which can damage EVs
and cells, and even the separation device itself.64 On the other hand, large input power generates
larger acoustic force, which can lead to clot formation in the channel, especially when using
whole blood as the sample. The clot formation in the channel is the main challenge for
continuous flow and high throughput separation. Moreover, the clot formation also compromises
the performance of our taSSAW-based separation device because the clot greatly influences the
flow direction in the channel and as a result, the separation efficiency declines.65,66 To address
these issues, a cooling system was implemented and embedded underneath the microscope stage
to cool down the sample and device during the separation experiments. Figure 3-3 showed that
by employing the cooling system, we were able to significantly alleviate the clot formation
during the experiments; the alleviation of clot formation can be attributed to the less attachment
between membrane proteins of cells and device substrate under low temperature.67 With the aid
of the cooling system, we could accordingly apply an input power up to 40 Vpp to our separation
device for a long time with negligible clot formation, while maintaining the functionality of our
separation device.
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Figure 3-3. Cooling plate can decrease the cell attachment to the channel.
In the experiment of isolating EVs, whole blood sample and 1× PBS sheath flows were
directly injected to the microfluidic channel through three separated inlets. In order to ensure the
purity of EVs, the maximum whole blood sample flow rate was set as 2 μL/min, and the top and
bottom sheath flows were set as 25 μL/min and 28 μL/min, respectively. When the taSSAW field
was OFF, the whole blood sample flowed into the top outlet as shown in Figure 3-4a. Once the
taSSAW field was ON with an input power of 40 Vpp, blood cells, as shown in Figure 3-4b, were
separated from the whole blood sample stream and flowed into the bottom outlet. Meanwhile,
EVs remained in the sample stream and then flowed into the top outlet, thereby isolating EVs
from the whole blood sample. With the taSSAW-based separation device, we could isolate EVs
and achieve an enrichment ratio of >90% (ratio of collected EV counts to the initial EV counts).
Following the EVs isolation experiments, both the samples collected from two outlets were
collected and measured by dynamic light scattering. Figure 3-4c and 3-4d show the analysis of
size distribution for the samples collected at the top and bottom outlet, respectively, and as
shown in the two figures, only one peak for both of the samples. In other words, EVs could be
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successfully isolated from the whole blood samples, confirming the taSSAW separation device
was also effective for the isolation of EVs from whole blood.

Figure 3-4. Isolation of EVs from whole blood. The collection and waste outlets when acoustic
off (a) and on (b). The size distribution of collected samples were measured by dynamic light
scattering (c) and (d), confirming the taSSAW separation device was also valid for the isolation
of EVs from whole blood.
In order to further identify the isolated EVs, the collected sample from the top outlet was
characterized with scanning electron microscope (SEM), nanoparticle tracking analysis (NTA),
and western blot. For SEM imaging, isolated EVs were filtered through a membrane to remove
the PBS buffer and EVs were thus attached on the membrane. After 3×washing with serial
concentrations of ethanol (50%, 70%, 80%, 90%, 95%, and 100%) for dehydration, the isolated
EVs were sputtered a thin layer of gold using an automated sputter coater to increase the sample
conductivity and ready for SEM imaging now. As shown in the SEM image (Figure 3-5a), there
existed vesicles with size of around 200 nm. The size distribution of isolated EVs were also
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monitored via NTA, the standardized characterization method for EVs. After washing the NTA
detection chamber with deionization water for three times, samples were injected in the chamber
with 1 mL sterile syringes (BD, USA) until the liquid sample filled the tip of the nozzle without
any bubble. NTA result (Figure 3-5b) showed the bioparticles size ranged from 10 nm to 200
nm, which was in agreement with previous literature reports. The protein from RBCs, initial
whole blood, and isolated EVs were extracted and prepared for electrophoresis in lane 1, 2, and
3, respectively. After incubation with specific antibodies, western blot result (Figure 3-5c)
displayed high expression of EVs markers (CD63, integrin β1) from the collection outlet, while
the expression of EVs markers from the waste outlet was low. The expression level of RBCs
markers (Glycophorin A) was similar in both isolated EVs lane and RBCs lane.68-70

Figure 3-5. Different characterization methods confirmed the isolation of EVs from whole blood
with taSSAW separation device. As shown on the SEM (a) and NTA (b) images, there existed
vesicles with size of around 200 nm. (c) Western blot result further demonstrated the enrichment
of EVs in the collection outlet, which showed higher expression of EVs markers (CD63, integrin
β1).
Finally, the changes of EVs counts were monitored with whole blood of different storage
days at 4 °C refrigerator. 50 μL whole blood units at different time points (n=3) were processed
in 25 min on our taSSAW separation device with the same acoustic separation parameters.
Isolated EVs were collected from the top outlet after taSSAW separation and measured by NTA
with the same setting, showing the significant increasing of whole blood EVs over storage time.
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This experiment indicated that the taSSAW separation system can be used to monitor the blood
aging process.

Figure 3-6. Monitoring the EVs concentration change in stored whole blood. EVs from whole
blood units at different storage time points were isolated with the taSSAW separation device and
measured with NTA, indicating the significant increasing over time.
3.4.3 taSSAW based nanoparticles separation
In order to purify exosomes from microvesicles, higher frequency IDTs were designed to
increase the acoustic radiation force. After several testing, 40 MHz IDTs were chosen as the final
design. 100 nm fluorescent particles (Dragon Green) and 500 nm particles were used to
demonstrate exosomes and microvesicles, respectively. The mixture of 100 nm and 500 nm
particles was injected into the separation device. The sample flow rate can reach 15 uL/min, and
the sheath flow was set as 40 uL/min. When the taSSAW field was ON, 500 nm particles were
pushed to the top of the outlet due to the large acoustic radiation force. While the 100 nm
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fluorescent particles remain in the bottom outlet. The taSSAW device can maintain >90%
separation efficiency for 100 nm and 500 nm particles.

Figure 3-7. Validation of exosome and microvesicle separation with polystyrene particles. 100
nm fluorescent particles and 500 nm non-fluorescent particles were mixed and processed within
the taSSAW device.
3.5 Conclusions
We demonstrated a tilted-angle standing surface acoustic wave (taSSAW) based
continuous flow isolation approach of whole blood EVs. Compared to conventional EVs
isolation methods, the taSSAW separation system is label-free, fast, inexpensive, and gentle on
vesicles. The taSSAW separation system can reach >90% separation efficiency, large handling
volume, and ten times higher throughput than the traditional parallel acoustic separation device,
making the acoustic EVs separation system as a reliable tool for EV related study and more close
to the clinical requirements. Furthermore, the taSSAW system can also be used as a standard of
blood aging, holding great potential in blood product quality monitoring.
Although this work aims at whole blood EVs, this taSSAW based isolation approach is
also suitable for quality monitoring of other blood products, including packed RBCs and
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platelets. To develop this EVs isolation approach further, integrating analytical components into
the taSSAW separation platform would be a promising prospect to realize portable and
automated EVs analysis systems.
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Chapter 4
Conclusions and Prospects
4.1 Conclusions
In this thesis, we demonstrated a tilted-angle standing surface acoustic wave (taSSAW)
based continuous flow isolation approach of extracellular vesicles from whole blood. Compared
to conventional vesicle isolation methods, the taSSAW separation system is label-free, fast,
inexpensive, and gentle on vesicles. The taSSAW separation system can reach >90% separation
efficiency, making the acoustic separation system as a reliable tool for extracellular vesicles
related study and more close to the clinical requirements. Furthermore, the taSSAW system can
also be used as a standard of blood aging, holding great potential in blood product quality
monitoring.
4.2 Perspectives
Despite the successful separation of extracellular vesicles from whole blood, separation
of subgroups of vesicles still needs more improvements, especially the purity. Patient blood
samples, like maternal blood for fetal health monitoring, are needed to push the taSSAW system
to the clinical use, which requires the system to be highly efficient, stable, and simple. However,
we still need expensive and complex function generators and amplifiers to drive the taSSAW
separation devices. There are high demands for portable and low-cost acoustic separation
systems. Moreover, extracellular vesicle analytical components is a promising prospect to realize
portable and automated extracellular vesicles analysis systems.
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