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ABSTRACT

Extracellular vesicles (EVs) are small membraoend phospholipid vesicles secretednyst
cells, such as blood celldumor cells, andetal cells EVs have been recognized as vital biological
mediators in intercellular communicationsand play important functions in tissue repair, neural
communication, immune response, €ibus, EVswere noticed as valuable biomarkers ftiagnostics
and therapeutics. Meever, the small sizef EVs and their complex biological environment raise a
significant technical challenge in sample preparat@tonventionaisolationprocessesften require large
sample volumes, expensive reagemtd may cause damages to E\fsiiting the rapid and convenient
analysis of Eé.

Recently the acoustic tweezers technique, which is capable of manipulating cells and
microparticles in higfprecision, highly biocompatible, and labiete, has beedeveloped to separate
different bioparticles based on small differences in theirssidensities, and compressibilitids this
thesis, ve developed titledangle standing surface acoustic wave (taSSAW) based isolation system that
sizespecificallyisolatesEVs in a labkfree and contadree mannerThe taSSAW separation system can
reach >90% separation efficiency, large handling volume hagtdthroughputmaking the acoustic EVs

separation system as a reliable tool for EV related study and cliigcalosis
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Chapter 1
Introduction and Background
1.1 Motivation

Microfluidics, the confinement of fluid flowto microscale, attractsnore and more
attention in the biological society.By scaling the flow domain down to microliter level,
microfluidicsallows forlow sample consumption, precise biological objective manipulation, and
fast momentum/energy transportation. For example, various gethtions, such as culturing
manipulation, sgaration, and sorting, have already been demonstchtavith microfluidic
approaches?

One microfluidic approach that has received significant attention in recent years is
acoustofluidics. Acoustofluidicdeals with the study and application afoustic vaves in the
micrometer/nanmeter scale fluidic environment$Surface acoustic waveSAWS) are acoustic
waves that propagate along the surface of an elastic mét@uatently, SAWsareused incell
phonesfor signal processingtouch screens of electronics, abimblogical/chencal sensors
Moreover,SAW also show great advantages in controllifigids and particle®n microfluidic
devicesas follows

1. Nonrcontact:SAWs manipulate particles amells bythe acousticradiation force and
fluids by the acoustic streamin§AWSs represend contactfree manipulatiormanney avoiding
the possiblesample contamination.

2. Biocompatibility: The acoustic power used in SAlésed devices similar with that
of ultrasound imagjig, which has beeprovento be extremely saffor health monitoring during
pregnancy.Cell viability and proliferation testérom the literaturealso showed noninvasive

results.



3. Versatility,. SAW technolgies have been used iwarious chemical sensor and
biosensas, fluid control (noving, mixing, jetting, and atomization), rad particle manipulation
(focusing, patterning, separation, and sortingregardless of thematerial propertiesSAW
technologies @ capable of manipulating mgsrticleswith length scags from nm tonm.

4. Simple and rlexpensive:The fabrication of SAWdevicesis simple and cheap.
Compared with optical tweezers, SAW devices do not need complex and expensive optical
setups. SAWdevices are also convenientimbegratewith analysis componestor diagnosis.

5. Precise and fiicient: Compared with bulk acoustic wayBAW), SAW is able to
better control the frequencies in a wide ragd require less power consumption because SAW
confines most of its energy aethe surfaceThus, SAW could manipulate particles and cells
more precisely.

1.2 Problem satementand goals

As the vital class of circulating biomarkarsliquid biopsy extracellular vesicles serve
as important vehicle in intercellular communications. Isolation of extracellular vesidtas
biological studiess necessary for furthemderstanding the functiswf vesicles However there
is no universally established protocol for isolatuesicles till nowbecause fotheir small size
and complex mediaAlthough ultracentrifugation has proven to be an effective method for
isolating extracellular vesiclesthe high centrifugal forces have bedmwn to cause vesicle
fusion, altering the physicabnd functionalproperties of vesiclesfor downstream analysts.
Furthermore, ultreentrifugation is also time-consuming and expensive Thus, a simple,
inexpensive, and gentle method to isolate extracellular vesils high recovery rates

needed.



The goal of this project is tdevelop a specialized acoustic tweezers defacehe on
chip isolationof extracellular vesiclesrom whole blood samplesspecially in the complex
processes of tumor onset and grawdigure 11 is a schematic of the engroduct for the
acoustic isolatiosystem. The proposed system is composed of a porgssteanent instrument
and a disposablacoustic separatiochip with two units: (1) an acousttaweezerisolation unit
designed to remove alNhole blood componentarger than 1 pum, including white blood cells
(with diameters ofl2-15 um), red blood cellswith diameters of6-8 pm), platelets with
diametes of 2-3 um), and apoptotic bodiesvith diameters ofl-5 um), and (2) an acoustic
tweezersisolation unit desiged to separate exosomewi(h diametes of 0.03-0.1 um) from
microvesicles\ith diametes 0f0.1-1 pm).
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Figure1-1. A schematic showing the two units of the proposetiacellular vesicles separation
systembased on acoustics



1.3 Overview
This thesisdescribes our semarch efforts oacoustidsolation of extracellular vesiclemn
Chapter 2we reviewed the extracellular vesicles background, diffesepairation techniques,
and acoustic tweezer techniqlre Chapter 3the design of acoustitevice and separation results
of extracellular vesicles are presenttds the first time to realize acoustic isolation of whole
blood extracellular vesicles. Chapteisdmmarizes this dissertation and gives perspectives for

futureextracellular vesiclessearch.



Chapter 2
Literature Review

2.1 Extracellular vesicles

Extracellular vesicles are nanometer to micrometer smethbranedbound containers
secreted byariouscells such ascancer cells, red blood cellfetal cells andimmune cell$
Figure 21 showshe origin, content, and widespread existence of extracellular vesidiasan
bodies Extracellular vesicles exist in many body fluids, including blood, urimeagi milk,
saliva, sputumsemen ascites fluid, amniotifluid, and cerebrospinal fluidAccording to thée
sizes, extracellular vesicles cdre divided into three familieexosomes (with diameter of 30
100 nm), microvesicles (with diameter of 10000 nm), and apoptotic bodies (with diameter of
1-5 um). Extraellular vesicles have been recognized as vital biological mediators in intercellular
communications, cell signaling, and immune respoiséracellular vesicles carry abundant
genetic materials from their cell of origin, such as protein, lipid, RNA, and\.DBlenetic
information transferredia 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 d&idhey and liver. For example, vesicles secreted
from dendritic cells can trigger immune responses against tumor cells, while-denmad

vesicles possess immunosuppression, helping tumor cells evade immune recbgnition.
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Figure 21. (a) The biogenesis agxtracellular vesiclekom cells.(b) The contents of exosomes
and microvesies. (c) Extracellular vesiclesxistin most body fluid$.

Extracellular vesicles hawggnificant advantages over many other biomarkers, including
circulating tumor cells (CTCs)another class of circulating biomarkers that has gained
significant attention over the past dec8tto wever , CTCs are esperkmel y
mL) and fragile (CTC apoptosis begins very early after separdtom the tumor of origin),
making them difficult to isolate and maintain ex vivo. On the other haeslclesare highly
abundant (with concentrations ranging from thousands to billions per pL, depending on the
biofluid) and stable, capable of presexyitheir content though nitiple freeze and thaw cycles.

In addition, the potential to diagnose diseases other thanrcances uc h as Al zhei mer

hepatitis Crendersextracellular vesiclea more versatile diagnostic totf!!



In recent yearsseveral commercial product®r diagnosis and theraplave been
invented.As shown in Figure 2, Glybera, the firscommercial gene therapy product, Eng
extracellular vesicles to enhance gene delivefficiency!? Exosomemediatel Adeno
associated viru¢AAV) vectorare gradually servings a robust and convenient neuroscience

tool.

<~ Protein Vesicle

< Microvesicle
’ 1
< Extracellular Vesicle

Publications per Year

Microparticle

Figure 22. Extracellular vesicles argetting increasing attentions and have been applied into
commercial therapy product.
2.2 Conventional extracellular vesiclesisolationtechniques

The most commommethod to purify extracellular vesicles is uleatrifugation which
includes a series of centrifugation stephile ultracentrifugation has proven to be an effective
method for isolating xdracellular vesiclesthe high centrifugal force€L00000xg)have been
shown to cause vesicle fusion, altering the physindlfunctionaproperties of the exosomes for
downstream analysis. The entire differential centrifugation procesg snhotimeconsuming
(4-5 houry, expensive ($50,00000,000),and demanding of highly training personnel, but the
vesiclesrecovery rates arg/pically low (525% of initial extracellular vesiclgpopulation)and

suffer from low repeatability®
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Figure 23. Schematic of extracellular vesicle isolation by ultracentrifugatton.

Recently, numerous commerciits including precigtation reagents have been made
vesiclesisolation® Thereagents reduce the solubility lowering the hydration ofesiclesand
lead to precipitationExtracellular vesiclegan beseparatd at a low centrifugatioforce with
high yield by using the kitsHoweve, these kits are too expensit@ be widely used and the
final vesicles are with low purity due to <poecipitationof proteins and vesiclé§.Moreover,
some ofthe kits require a very long incubation tim€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 vesiclesan be isolated witaAn immunoaffinity approachwhichrelies on the
knowledge of proteomic on the surfacevesicles The protein contestof vesicles havdeen
extensively analyzed from various cell types and body fluids by MS, Western blotting,
fluorescenceactivated cell sortingand immuneelectron microscopyUntil now, the proteomic

studies have revealddindreds oproteins fromextracellular vesiclesThese proteins provide a



unique tissue/cell type signatuamd set the biochemical basis for immufifnity isolation of
extracellular vesiclesFor example, tumor cell secrete@sicles were usually isolated with
human epidermal growth factor recept2 (HER2). To detect HI\V1, anttCD45conjugated
microbeads was used to remove vesicles from Jurkat 3 lmgliimmunoaffinity depletioriMore
antibody types and the origin rgeting exosome ahstedin the following table

Table 1. Antigens of differerexosome types.

Antigen Exosome type
MHC Class 1| MHC Class | CD80, CD86,
CD54, CD59 CD20
MHC Class || MHC Class ] CD1g CD80,
CD86, CD59 CD63

B cell derived exosomes

dendritic cellderived exosomes

A33 colorectal cancer cell (LIM1215jerived

exeomes.

Human breast adenocarcinoma cell line
BT-474

HER2

o ) Non-smalkcell lung cancer (NSCLC) cel
Epithelial cell adhesion molecules (EpCAM),

. . ovarian cancer
IGF-1 R U ul@R-1R)sand(CA125

(OVCA)
CDeé3 Circulatory extracellular vesicles (CirEV¢
CD63 melanoma cells
CD45 Jurkat T cells
HER2 Breast cancer
prostate specific antiggi®SA) prostate cancer
| sol ation of exosomes with I mmunaoesaeparnattiyonm

two-step procedure: binding eesicleswith antibody modified matrix including particles and
surfaces; and separation of those particles or rinse the surface to isolate eXxasomggnetic

beads based separationjtare medium was subjected to serial centrifugation (200xg foin5
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2000xgfor 10 min, and finally 2000xg for 1@nin) to remove cells and debris at first. Then
magnetic beads coated with antibodies were incubated witfreelsupernatants for 24 h on a
rolling machine to make sure that beads were coated with en@asgties(Figure 24a)l’ For
analysisvesiclebead complexes were incubated with antibody labeled with FITC and analyzed
by flow cytometry (Figue 24b). With this method, surface markers and release regulation
mechanisms ofextracellular vesiclesvere characterizedsuggesting a possiblinction in
immune regulation.

Recently, antibodgoated magnetic beads feesiclesseparation, including Ex6 | o wE an d
ExocapgM, have been commercialized and widely used in turesicleresearch according to the
different tumor surface market$Vesicles derived from epithelial tumors express epithelial cell
adhesion molecule (EpCAM) on their surface, which can be used for selective magnetic
separation. Serum samples from ovarian capegients were mixed and incubated with anti
EpCAM magnetic beads for 2 h at 4 °C. After washed with TBS, the magnetic immune
complexes were placed in the magnetic field for separation. The isokdedesbound beads
were diluted in IgG elution buffema the complex was centrifuged to separthe beads from
the vesicles Similarly, A33-expressing tumovesicleswere collected from the colon carcinoma
cell lines, such as LIM1215 and LIM1863, with A88tibody coated bead&urthermore,
Andrew K. Godwingroup at University of Kansas Medical Cent@ombined the immunre
magnetic beads separation method with microfluidic technology together for lung casict
study, reducing the assay time and plnvolume requirement (Figure-4&). RNA can be
extracted from the separateesicles providing a source of formation for cancer diagnosi$?!
Magnetic beads assistedvesicle separation featured with advantages: firsie #eparation

protocol is mature. fie combination of antibody dmmagnetic beads is commettyaavailable
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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 dastveaming analysis. Since the
microparticles can be fabricatedth predefined sizeand fluorescent properties, after binding

with vesicles the methoatould be easily integrated with flow cytometéacilities for abundance

a All Events b EpCAM beads with exosomes \ 1) Immunomagnetic isolation
29 \
P EE (c . - \ Exosomes « -~ @
it ¥ =3\ Nodo -
28], H - -3 9 il
<= S8 R >
? 81 a / & Plasma proteins
? ® 83 /
P
E g
N ® - 2) Exosome lysis & protein capture
Pt o R T i Ol i ; Exosomal proteins
FSC-A (x 1000) EpCAMPEA B % 2
‘
c CDB81 beads with exosomes d CD9 beads with exosomes 4 3 P P e
g 4 2 ,’ ot 2 N
S 1 / o Protein capture
8 g & magnetic beads
8 3 N
§ g § 8 x < _» 3) Intravesicular protein analysis
O &7 o -
8 3 e
] £ Plasma mixed N
E : with immuno- .
° « magnetic beads AT Chemi-

- o " T
o' 10° 10° 10* 10® ' 107 10° 10 10° u fluorescence
CO81PEA CD9 PE-A detection

Figure 24. Immunemagnetic beads basaasicle separation. (alesicles coated mgnetic
beads. (b) Flow cytometer analysis result of separasicles (c) Integrated magnetic
microfluidic vesicleseparation and analysis system.

Besides binding theexosomesand microparticles, extracellular vesiclescan also be
conjugated with antibody coated flat surfaces (i.e. channel wall, array substrate). After binding,
the linked vesiclesare isolated by simply rinsing fothe surfacesAs an example, Malene
Jargenseret al. usegrinted microarray to capturghe vesiclesor multiplexed phenotyping. A
cocktail of antibodies against CD9, CQ&®d CD81 was used to detect thesicles from blood
sample. Binding vesicleswith flat substrate, instead of particles, significantly reduced the
difficulty in separatiorproces€? However, due to the limited flat surface area yield of this
method is low.

2.2.2 Sizebased separation

Extracellular vesiclegan be separateefficiently from cells anddebrisaccording to size

differences by using naneizedmembrandilters. Membranes with pore sizes of 0.2, 0.22, and
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0. 45 are widely used to remove largkebris. To enhance the purity, aombination of
filtration and ultracentrifugatiors developed

Inspired by the membrane filtrationiliated micropillar structte forming a microporous
silicon nanewire was fabricatedo selectively trap particles in the range ofi #00 nm by
Zongxing Wanget al. As shown in Figure -5, usingliposomes of known sizeas model
vesicles, the ciliated micropillaggreferentially trap exosordee 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 recoveéFfiough the trappingtep is
relatively fast (~10 nm), the dissolutiontime of the silicon nanowiren PBS bufferis long and

the recovery rate is not satisfactory.
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Figure 25. A schematic of the ciliated micropillar arssfpr exosome isolatio??
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A novel microfluidic technology that separatesicrovesicles from heterogeneous
populations of cancesell-derived vesicles by using the principles of deternimisateral
displacemat (DLD) wasalsodesigned bycontroling particle trajectories as a function of their
properties*

2.3 Acoustic particle paration

Surface acoustic wave (SAWY a sound wave thétas both a longitudinal and a vertical
shear component, which was first explained by Lord Rayleigh in 3358/ could leak into any
media in contact with the wave propagation surfdéee common method to generate SAW is
applying a radio frequency (RFignal to a piezoelectric substrate, suchliftsum niobate
(LINbOs3), quartz,and ceramicsThe piezoelectric materials havesponses to the RF signal
generates mechanical vibratioos the substrateOne of the most attractive aspects of using
SAWSs for microfluidic manipulationand vibrationis the efficient fluid-structural coupling
owing to the presence of most the energy adjacerib the interface Compared with bulk
acoustic wave (BAW), SAWean reach much higher frequencies and require less pawer t
generate

In 2009, a standing surface acoustic wave (SSASEparatiormethodwas reported by
Tony Huan gtéPenn &tate Urpversjtywhich was based on th&coustic tweezers
technique that was able to manipulate and pattern cells and micropartiétesnterdigital
transducers (IDTs) are evaporated ontoNbO3 piezoelectric substratnd asigral generator is
used to apply an inpwoltage to the IDTsBy bonding a PMS channelon top of thelLiNbOs3
substrate, an acoustic tweezer device cambade Figure 26 showedSAWs weregenerated
once IDTs were activatedBecause the IDTsvere placed on either side dhe microfluidic

channel, SAWspropagate in opposite directions into the fluid anterfere toestablisha
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standing wave fieldn the PDMS chambeiThere is a periodic distribution of pressure nodes

(minimum pressure) and pressure antinodes (maximum pressure).

A microfluidic
, leakage , chamber

L L energy |
X /A R\ IDT

/ \
1]

standing SAW
piezoelectric substrate

Figure 26. Schematic of aypical acoustic tweezers devitke.

The SAW field is coupled into the liquid in the microchannel, resultimghe pressure
fluctuations in the liquid. Pressure fluctuations in the liquid result in acoustic radiation forces
that act on particleandposition them at the pressure nodes or pressure aainddpending on
the properties of the particld@he acoustic radiation force (JHs relatedto thevolume of the
paticle, wavelength, wave vectodensity of the particleand fluid, and etc.As the patrticle
moves in the fluid, it is opposed bye Stokes drag force (- Other forces acting on the particle,
like gravity and buoyant forcegsye almost balance®ue to thefact that the acoustic force is
proportional to the volume Jr of the a particle while the viscoudorce is proportional to the
radius of a particlg(r), largerparticles experience much largeet forces and therefore move
towards the pressure node faster than smaller. drfess theparticles are repositioned with
different lateral displacements along the crssstion of thechamel. In this way, the particles

areseparated based timeir sizes. Theminimum size difference betwegarticles thathe device
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canisolatecan be adjustelly tuning theinput power, wave frequencythe channetlesign and
the flow rate Figure 27 shows how the acoustic tweezers canapgliedto continuously
separate particles of different siz&€ncethe particles enter th®AW region, the acoustiforce
drives the larggarticles to the center of the chanfrem the sidewallsBecause the magnitude
of the acoustic force is proportional gze of the particle, the smadhrticles do not experience
enough force tqush them to the centeand remain o the side outletsThe devicecould

separatgolystyrene beads of two differesizes (ith diameters o0 . 8 7and4m 1 7 with m)
high efficiency (>80%) an80 mW power.
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Figure 27. (a) Schematiof acoustic tweezers used for dombus particle separation. (bdprees
acting on the particles within the acoustic fiéld.

However,in the device of Figre 27, the maximum separation distaniselimited toa

quarter of the acoustic wavelengthihis leads to relately low separation efficiencyand

sensitivity. To overcome this limitatigra tilted-angle standing surface acoustic w#t&SSAW)
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approachwasproposed wherthe PDMSmicrochannehadaninclined angleto the IDTs.With

this design,the migration distance of thearticles 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 lehét¢o separation sensitivitjhe
taSSAWbased sepation device was used to successfully sepapatgstyrene bead$with
diameters oR pm and 10 pmpand MCF-7 cancer cellgwith diameter of20 pum)from normal
leukocytes With diameter of12 pm). Figure 28a shows a photo of the taSSAWased
sepaation device, while Figures-8b and cshow the device being used to separateud0

polystyrenebeads from 2 pnpolystyrenebeads.
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Figure 28. (a) Photographic image of the-8SAW separation device. (b) The active region of
the sorting device and (c) the outlet, showing 10 um beads being collected from the top outlet,
while the 2 um beads remain in the bottom otlet.

The t&8SAW devicecould acheve a separation efficiencyas high as99% for the
separation of 10 um beads from 2 pm beadd 97%efficiency forthe separation 08.9 pum
beads from 7.3 um beadé/hen separating MGFF cancer cells from white blood cells, 71% of
the MCF-7 cancer cellsvere recovered with a purity of 84%. This approach shows tremendous
potential for cancer diagnostid®y 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, an

channel width), the device could bppliedto different separation applicatien

Cell viability and proliferation assaysvere conductedo verify the biocompatibility of
the acoustic separation technigoe measuring celinetabolic activity and DNA syhesis, as
shown in Figure BA and 2-9B. MCF7 cells werepumpedinto the microfluidic device at a
fl ow r atme uradr anZnput rower of 28Bm. Cell tests wee carried out immediately
aftercollection Cells that were not processiedthe device and those flowing through ttevice
with SAW off were testd as controfjroups Direct staining of cell viability, as shown in Fige
2-9CI E, indicates that no significant damages found in the physiologicg@roperties of the

processé cels as a consequence of taSSAW experiment.
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Figure 29. Cell viability and proliferation assay&xperimental results for MGF Cell (A)
viability and (B) proliferation tests for four different sampleg: gositive 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 pasgirthrough the device with SAW off, and (E) cells passing
through the device witBAW .’

Peng Li et al. further developed the taSSAMbr circulating tumor cells (CTCs)
separation which s shown in Figure -20. CTCs are important targets for cancer biology
studies. Tofully understandthe role of CTCs in cancemetastasis and prognosieeply
effective methods for isating extremelyrare tumor cells(1-100 cells/mL)from peripheral
blood must be developeBy optimizing thekey design parameters (tdhgle ad the length of
acoustic field) and improvinghe separation throughput of cancer ceflsre than 20 times
higher (1.2 mL/h), the taSSAW successfully separated Cff@s peripheal blood samples
obtained from reakancer patients, indicatinthe great potential to serve as amvaluable

supplemental tool in caer research, diagnostics, drug assessment, and therapeutics.
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Figure 210. Schematic illustration and image of the htghoughput taSSAW devider cancer

cell separation. (A) lllustration of taSSAWAsed cell separatiofB) Schematic of the working

mechanism behind taSSAWAsed cell separatiomhe direction of the pressure nodes and

pressure antinodes were establisheghaingle of inclinatiog d) t o t he fl ui d f 1l o\
inside a microfluidicchannel. Larger CTCs experience a larger acoustic radiation force (Fac)
thanWBCs (Faw). As a result, CTCs have a larger vertical displacement (normafimathe

direction) than WBCs. Fdc and Fdw &he drag force experienced by CT&wl WBCs,

respectively. (C) An actual image of the taSSAW cell separdtoite. Blue ink was used to

help visualize the microfluidic chanri@l.

Immunofluorescent staining of cytokeratin (CK) and +eukocytemarker CD45 was
first used to detenine the identity of the cellgsing conventional detection theds. Cells were
identified asCTCs if the immunofluoresceptat t er n i s DAP |othér@isescelld 8 +/ CD
were identified as WBCs. Typical fluorescent imagesshown in Figure 21. WBCs can be
distinguished from the CTCs becausthey showed an immunostaining pattern of

DAPI +/ CKB45#1 81 / C
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Figure 211 Immunofluorescence images for the identification of CTCs in béamaples from
breast cancer patients. Falmannes, DAPI, CK8 CD45, ancER, were examinedScale bar, 4
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Chapter 3
Acoustic Isolation of Whole Blood Extracellular Vesicles
3.1Introduction

Blood transfusion is a key part of modern health care and millions of blood products are
transfused ezh year in the United Staté¥*° 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 transfussomequired 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 stge. RBCs storage lesion is accompanied by shedding
and release oéxtracellular vesicles (EVS}>3 EVs are small membrad®und phospholipid
vesicles secreted byariouscells as vital mediators in intercellular communications and have
been recognizeds crucial biomarkers for diagnosfs® Generation of EVs in stored blood is
thought to be associated with adverse effects and potentially immunosuppression in blood
transfusion recipient®’ In stored blood units, the number of EVs increases over timean 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 pagiérom their complex media has proven
challenging. Conventional separation processes, such as multiple filtr&fdn,
ultracentrifugatiorf>*® and immunemagnetic beds separatioff:*® often require large sample
volumes, expensive reagents and mayseadamages to EVs, limiting their potential in rapid
analysis, poinbf-care testing, and integrati6h Therefore, a labdree, reagentfree technique

that is simple to implement would fill an immediate need in the EV research field.



22

In the last few yars, the acoustic tweezers technique, which is capable of manipulating
cells and microparticles in higbrecision, highly biocompatible, and labete, has been
developed to separate different bioparticles based on small differences in their size, aedsity
compressibility!™**Recent |y, Hakho Leeds tgpackedRBGsEWS i ed |
separatior?> However, the maximal separation distance is limited to a quarter of the acoustic
wavelength with their parallel acoustic wave design, restricting the sepaedfiimency and
sensitivity. Due to low sample throughput (~0.24 pL/min), little sample hagdiiolume (10
oL) , and defective separation efficiency, thi
least 50 pL human blood processing is needed for downstream EVs biological assay {i.e. Exo
Flow™, System Biosciences, USRjnd 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 acoustofluidicsOff-chip blood dilution is required to maain the separation efficienéy>®

We herein demonstrated a tiltadgle standing surface acoustic wave (taSSAW) based
whole blood EVs separation method, which pressure nodal lines are inclined at a specif
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 acoa$tcseparation 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 tieres and our device can handle large

sample volume in continuous flow.
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3.2 Working mechanism

Figure3-1 shows the schematic of the taSSMA4sed whole blood EV separation device.
A pair of parallel interdigital transducers (IDTs) was deposited on the lithium niobate (§iNbO
substrate. Afterwards, a polydimethylsiloxane (PDMS) microchannel was bonded to the
piezoelectric substte with an iclined angle of Sto 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 thelDTs 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) @d Stokes drag force ff which can be

expressed a2

O %] i O EJQw (1)
%l @ —— — (2)
O @ -1 0 3)
wherepo, Vp, @, k p, t,Xp, B, p d, are preasaordmphtude, 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 dluibe

fluid viscosity, radius othe bioparticles, and relative velocity, respectively. Fa tends to confine
bioparticles at the pressure nodes whereas §hgushes bioparticles forward along the flow
direction. Within the sample throughput upper bound, the acoustic radiation forceatkstime
movement direction of bioparticles to the pressure nodes or antinodes depending on the contrast

factor (0G). I n whole blood, bioparticles are
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different physical properties, such as size, density compressibility, experience different
amplitudes of the acoustic radiation force, which enables the separation using taSSAWSs.

(b)

(a) San:ple $
\% 7 é@ Tilted IDTs

Pressure node @ RBCs
, o~ — Pressure antinode o EVs

@RBCs
@EVs

Figure 3-1. Schematic illustration and image of the taSSAW device for EV separation. (a)
lllustration of taSSAWbased EV separation. (b) The working mechanism of the taSSAW based
EV separation. The direction of the pressure nodes and pressure antinodes wereeestdtaish
angl e of fothefluid thoe tineatiam indlde a microfluidic channel. RBCs elgee
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 g @noomparison.
3.3 Materials and methods

3.3.1 Device fabrication

Y+128 X-propagation LiNb@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 A/500A) was deposited with arbeam evaporator (Semicore Corp, USA). Then a
pair of parallel DTs with a period of 200 em andsz width
substrate by alfo f f process. A PDMS microchannel (hei ¢
was fabricated by standard stfhography using St8 photoresist. A 0.75mm Harris U@iore
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 theosilmold, and cured at 65

°C for 30 min. Finally, the PDMS microchannel and the LiN®bstrate were placed in an
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oxygen plasma cleaner (PDCO001, Harrick Plasma, USA) for 3 min, bonded together and cured
overnight for EVs separation experiment.
3.3.2 Expeimental setup

110 nm (Dragon Green) and 5 em polystyren
Laboratory, USA. Human whole blood was purchased fromBleninc. (USA) and stored at 4
°C. The taSSAW microfluidic device was placed on the stage of an upngibscope
(BX51WI, Olympus, Japan) with a Peltier cooling system (TH@Z30, Hebei I.T., China)
during the separation experiment. The temperature of the Peltier cooling system can be adjusted
via avariable DC power supply (TP1505D, Tekpower, USA). ADC€&mera (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 miiralic 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. SepadaEVs 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 sigambriginated from a
function generator (E44B, Agilent, USA) and an amplifier (L00A250A, Amplifier Research,
USA). The input power was measured by an oscilloscope (DP0O4104, 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#0TVie 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 N3y&stem. Collected videos were analyzed
using the NTAsoftware (version 2.1) with automatic setting.
3.3.3 Western blot

Isolated EVs, RBCs, and initial whole blood were prepared usisfgEIR mammalian
protein extraction reagent (Thermo Scientific, USA)di8m dodecyl sulfate polyacrylamide gel
el ectrophoresis (SDS/ PAGE) was performed on
transferred to a polyvinylidene fluoride (PVDF) membrane (Millipore, USA). The membrane
was incubated in 3% w/v bovine serumuwatbn (BSA, Sigma, USA) in phosphate buffered
saline with twees20 (PBST) for 1 hour at room temperature. After subsequent washing steps,
t he me mbr ane was probed with pri mary antibo
glycophorin A (Abcam, USA) and CD G&ell 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 HREBonjugated secondary antibodies (Abcam, USA) at a ratio of 1:2000 for
1 hour at room tengrature. Finally, BieRad ChemiDoc XRS + system was employed for the
guantification of protein expression levels in the western blots.

3.4 Results and dscussion

3.4.1 taSSAWbased nanoparticle separation

Before conducing EVs isolation experiments, we first evaluated the ability of our
taSSAWbased device to isolate nanoparticles from a mixture containing both microparticles and
nanoparticles. The mixture was prepared by mixing phosphate buffered salifRBEl A ife

Technology, USA) with 110 nm fluorescent particles (Dragon Green) as a model of EVs and 5
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em polystyrene particles as a model of RBCs.
device throughthe center (sample) inlet and then hydrodynamyctdcused into a narrow,

straight sample stream by two 1x PBS sheath flows introduced through two separate sheath
inl ets. To ensure the sample stream (i .e., t
particles), when the taSSAW field was OFF, compjetew out through the top outlet as shown

in Figure 32a, the flow rate for the sample, top sheath, and bottom sheath inlets were
experimentally determined to be 2, 25, and 30
formed with an input power 2 Vp,, 5 em particles were extracte
directed toward the bottom outlet, whereas 110 nm particles redhairthe sample stream and

exited through the top outlet.

Linitial mixture [110nm outlet] 5um outlet

Figure3-2. Validation of whole blood EVs separation with polystyrene particles. 110 nm
fluorescent particles and 5 em par sepadtioms wer e
device (a). Particle size distribution of initial mixture and collected sampleseasured by

dynamic light scattering, confirming the separation effect of the taSSAW dewibe (b



