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Preface

In 2020, when this thesis was no more than a tiny speck of an idea, the covid
pandemic was spreading across our planet. This coronavirus (SARS-CoV-2),

although a hundred times smaller than a hair’s width, was seemingly everywhere
- only nobody could see it without powerful microscopes. At that time, I had
not yet been introduced to extracellular vesicles - equally small nanoparticles
which are ubiquitous across biological kingdoms. Fascinatingly, they have been
found to both facilitate and suppress disease progression. This makes them
an excellent target for both diagnostics and therapies. As a nanoscientist, my
interest was piqued when Professor Thomas Laurell suggested on a zoom call
that I could investigate improving the isolation of these increasingly topical
nanoparticles, to aid clinical and fundamental research, by acoustic trapping in
a microfluidic chip.

Using the microfluidic platform may be simple, but improving it required
considering a broader perspective on acoustic trapping: How does it work?
How can its performance be measured? Which parameters could be changed to
improve the performance of nanoparticle trapping? What value can this technique
give to researchers in biomedical applications? Whilst these questions are too
extensive to be answered exhaustively in this thesis, I hope that the included
work demonstrates some steps towards answering them. As always in research,
more questions emerged through observations along this journey, which is
reflected in the extensive background and outlook that this thesis encompasses.

For readers less accustomed to the world of science, I invite you to read
the popular science article printed on pages iii to v. I hope it gives you a taste
of the value and potential of the work captured in this compilation thesis.
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Trapping packets of health information
In our blood, sweat and tears we all make our own useful nanoparticles. These particles carry 
information about what is going on in our bodies. They are painless to collect via body fluids 
and may tell us a lot about our health. The exciting news is that medical researchers have the 
technology to read the molecular ‘messages’ that these nanoparticles carry. The challenge is that 
the particles are very tricky to isolate from a sea of complex biological ‘noise’. Now biomedical 
engineers may have the key to separate the noise and help medical researchers read the messages.

Megan Havers - PhD student of Biomedical Engineering at Lund University.

Scientists call these nanoparticles, ‘ex-
tracellular vesicles’ (EVs) and have shown 
that they transport a wealth of information 
between our cells. The biologist’s toolbox is 
well suited to handle cells but not the tril-
lions of EVs in every millilitre of blood, which 
are 100 times smaller, around the size of 
viruses. EVs have been isolated by using 
centrifugation - a traditional cell-separa-
tion technique - but scaling these methods 
down to the nano-scale is not ideal. It means 
that lots of EVs get lost, whilst the process-
es take many hours and are labour intensive.

At Lund University, we have found an 
innovative approach to solve these is-
sues, acoustic trapping. The principle 
is similar to a magnetic field which levi-
tates small particles. However, it uses ultra-
sound to generate a localised acoustic field 
which applies acoustic forces on particles.

Acoustic trapping uses ultrasound (sound above the 
frequency range of human hearing) to generate forces 
to capture particles from a liquid, within a glass tube. 
This trapping unit is narrower than sewing thread in its 
smallest dimension and can be hooked up to syringes to 
function like a pipette (which transfers small volumes 
using suction). With the use of micron-sized sound scatter-
ing beads (pre-loaded into the red region), even nano-sized 
particles can be isolated and retained against fluid flow. 

Ultrasound can be turned 
on/off with a piezoeletric 
transducer

EVs are trapped in 
here when sound 
is on

EVs released 
when sound is 
turned off

2 mm

Representation of an extracellular vesicle with surrounding  proteins. Reproduced with permission from the illustrator Brad Kwarta. 
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The promise of acoustic trapping 
EV research using traditional techniques is of-
ten deprioritised when resources are limited. 
The powerful thing about acoustic trapping is 
that it is quick, and it can trap EVs from even a 
few drops of body fluid. This lowers the bar for 
EV research to take place with precious samples.  

Our research group in Lund which pio-
neered this new way of working with EVs 
has led to a small company ‘AcouSort’, who 
have sent trapping units worldwide. With-
in the next decade, these trapping systems 
may be used in personalised medicine, since 
they could help monitor health of people at 
a reasonable timescale and with automation.

Eva-Maria Krämer-Albers, Professor of 
Biology, says “As a new signalling modality, 
extracellular vesicles display a diverse role for 

robust functional regulation of neurons through 
their protein and nucleic acid cargoes.”

How EVs tell us about health
Right now, it is research facilities, especially here 
in Sweden, which are harnessing acoustic trap-
ping in EV studies. The acoustic trapping exper-
tise has been combined with powerful protein 
detection methods to reveal the cargo of EVs.  

Doctors can use new information to diag-
nose diseases but also monitor patients to al-
low early intervention and inform treatment.
The individual EVs contain DNA, enzymes, fat 
and a wide variety of proteins which come from 
the cells from which they originate. Both the 
number of EVs and the content in any individ-
ual will vary depending on health of the organs. 

For example, cerebrospinal fluid (CSF) contains 
EVs from the brain and therefore analysing its 
content may show early evidence for Alzheimer’s 
and Parkinson’s diseases progression in patients. 

The International Society of Extracellular Vesicles explained that “specific issues arise 
when working with these entities [extracellular vesicles], whose size and amount often make 

them difficult to obtain as relatively pure preparations, and to characterize properly”.

Cross-sectional illustration of an extracellular vesicle. Various proteins and nucleic acids (DNA and 
RNA) are encapsulated by a lipid bilayer membrane, which has transmembrane proteins. The expression of 
these biomarkers depends on the parent cell. Reproduced with permission from the illustrator Brad Kwarta. 
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Furthermore, if EVs are isolated from blood this 
could give evidence of various forms of cancer 
without requiring invasive surgeries. Even bet-
ter, the results can be monitored over time for a 
patient, to personalise the treatment. New tech-
niques to access the information held by EVs, such 
as acoustic trapping,  are key to accelerating these 
exciting improvements in medical treatments.
 
The old ‘gold standard’ - ultracentrifugation
At school, you might remember swinging your 
bag in a circle and being amazed that nothing 
fell out - so long as you kept spinning. Similarly, 
if you spin a bucket of water, it won’t spill. This 
works because the water has momentum away 
from the swinger, the apparent outward force is 
referred to as the centrifugal force. 

With a bucket of water containing sand, you can 
sediment the sand grains to the bottom if you 
spin it fast enough. This centrifugation method 
is the most popular trick that scientists use to 
separate particles in a fluid. However, the small-
er the particles, the faster you have to spin. So, 
if you were trying to sediment EVs in a bucket by 
hand, you would have to spin around thousands 
of times per second!

Ultracentrifugation uses extremely fast spin-
ning motors and can isolate very small particles 
from blood. This has been used in most studies 
of EVs so far, however there are many down-
sides to this technique when compared with 
acoustic trapping. Not least of which is the 72 
hours processing time required to get access to 
the smallest EVs, even with extremely fast spin-
ning. New developments mean that acoustic 
trapping can isolate EVs in less than 10 minutes.

In acoustic trapping, the small size of the system 
means we can get more information out of small 
volumes of fluids. The new system is also much 
more automatable. Replacing ultracentrifuga-
tion with a better, faster isolation technique is 
what gives Alzheimer’s researchers hope in in-
vestigating EVs from precious patient samples.

The frontiers of isolation 
Acoustic trapping to isolate EVs is already pro-
viding invaluable medical data. In the Laurell 
research group, we have isolated EVs from the 
spinal fluid of people with Alzheimer’s. Whilst 
recent research had found a clinical differ-
ence in the levels of certain proteins in spinal 
fluid, looking at the EVs told a different story. 

We still don’t know what role these EV cargo 
proteins have in Alzheimer’s disease - the EVs 
could be a symptom, causing the spread of, or 
even trying to fight the disease. However, there 
does seem to be a difference in how these pro-
teins are transported by EVs in affected patients. 

We also can combine specific recognition with 
acoustic trapping to isolate EVs which have a spe-
cific surface protein. This works similarly to lat-
eral flow tests used for COVID-19, there were tiny 
particles coated in antibodies that recognised 
proteins known to be on the surface of the virus.  

In the future, improvements to this technique, 
such as specifically isolating EVs from neurons 
in the brain, may clear up some of the ques-
tions about Alzheimer’s disease. By knowing if 
and how EVs are helping or hindering disease 
deterioration, we can design better treatments. 
Perhaps our own EVs will even be harnessed as 
vaccines to makes us healthier in the future.

Illustration of the apparent centrifugal force: observed when water does not pour out from a 
bucket if it is swung around. The person swinging the bucket pulls it by a string attached to the handle. 
Centrifuges (or faster ultracentrifuges) are used in many applications, for example to remove 
yeast after making beer and by scientists separating cells or EVs  from blood before medical tests. 
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Abstract

Extracellular vesicles (EVs) carry biological information from their parent
cell to other cells in the body. To intercept and decipher this information

necessitates the isolation of EVs from complex backgrounds such as blood or
spinal fluid. Acoustic trapping has been previously demonstrated as a promising
technique for EV isolation from cell media, blood plasma and urine. The
acoustic fields struggle to directly trap these nanoparticles, however the presence
of seed particle clusters can enable sub-micron particles to be trapped. In
this work, we combat the limitations of efficiency and throughput in acoustic
trapping of nanoparticles by replacing polystyrene seed particles with silica seed
particles. The first paper uses 270 nm polystyrene as model nanoparticles to
visualise the improved trapping efficiency of 40-2000% from suspensions of
1010 − 1011 particles/ml. Silica-based seed particles experience higher retention
forces, allowing faster processing times (less than 10 mins per sample): which
is demonstrated for polystyrene nanoparticles (Paper I), plasma EVs (Papers
II and IV), and cerebrospinal fluid (Paper III). In the second paper, mass
spectrometry proteomics data demonstrates that by acoustically trapping EVs
we enrich EV proteins and enable detection of proteins too low in abundance
in unprocessed plasma. In the third paper, EVs from cerebrospinal fluid of
Alzheimer’s patients have been found to contain differing phosphorylated tau
proteins (via p-tau 181 and 217 assays) when isolated by acoustic trapping. This
requires further investigation to elucidate the relationship between the cargo of
brain-derived EVs and pathology. The final paper of this thesis presents a novel
technique for co-isolating subpopulations of EVs via antibody-functionalised
silica seed particles, that we have named immuno-acoustic trapping. Acoustic
trapping using silica seed particles shows great promise as a purification step and
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Abstract

has already begun to reveal the protein content of extracellular vesicles. Immuno-
acoustic trapping opens up the possibilities to also explore the association
between the surface proteins that indicate their origin and the internalised cargo
of EVs.
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Chapter 1

Introduction

Blood tests are extremely useful for diagnosing and monitoring a whole
host of health conditions. A life-changing example is daily blood glucose

monitoring for people with diabetes. Our circulatory system connects the vital
organs and transports all sorts of molecules which can tell us what is going on in
our body without the need for invasive surgery. So why can’t we easily diagnose
and monitor all health conditions with blood tests - like cancers and Alzheimer’s
disease? In many cases it is because there is not a clear target. Diseases can
be localised to an organ, for example in the brain where there is a substantial
barrier to the blood, which makes any useful diagnostic targets available in low
concentration and with uncertain origin.

Fortunately, scientists have found some useful packages of information
which may be traced back to the type of cell which produced them, via some
molecular signposts on their surface. There are particles smaller than cells,
extracellular vesicles (EVs), so-called because they are found ‘extra-’ or outside of
cells, in all of our body fluids in fact. Due to the ways that EVs bud off from
the membranes of cells, they are made up of the molecular components from
the original cell. Accessing and decoding these components by purifying EVs
from body fluids could help in the challenge of deciphering health indicators
without having to directly access the cells.

This thesis concerns an approach that aims to isolate these biological
nanoparticles, in order to facilitate access to more information contained within
or associated with them. The approach taken here is an isolation technique
called acoustic trapping. As it sounds, this uses technology to control the
motion of particles with sound. This is performed in miniature systems with
ultrasound, at frequencies within the range used for medical imaging.
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Chapter 1. Introduction

Much like how charged particles can be moved around by electric fields
or magnetic fields act on magnetic particles at a distance, acoustic fields act
on particles which have a property we call acoustic contrast. An acoustic
trap consists of an acoustic field with a hotspot where particles with acoustic
properties different to the surrounding medium can be levitated. Such a system
can be generated by vibrating a fluid-filled glass tube at its resonance frequency.
Particles made of plastic, glass or organic material (such as cells) which are denser
than water get pushed into the acoustic hotspot. Sound waves scatter due to
different speed of sound in the particles’ material than the media (water or
similar), this leads to radiation (acoustic trapping) forces acting on the particles.

These trapping forces can be strong in localised fields that are generated
by high frequency sound waves. Larger particles (greater than 1 micron in
diameter) may be trapped easily and can be held in place against fluid flowing
quickly through the channel. Smaller particles need some help to be trapped,
since the radiation forces on individual particles scale proportionally to the
particle’s volume. It is possible to trap even very small particles when they come
in close proximity to larger sound-scattering particles. These helper particles
are named seed particles, and they have been used to trap extracellular vesicles
from blood and other body fluids. Acoustic trapping is performed within a
microchannel, meaning the method can handle very small volumes of blood;
only a few droplets. The microchannel is mounted like a pipetting robot and
fluid control is automated, making it practical to process and dispense samples
sequentially.

This approach allows for enrichment and washing of EVs, removing the
molecules dissolved in the fluid which would otherwise dominate the signal in
many analytical techniques. Pre-processing the samples by isolating the EVs
enables downstream analysis to measure the less abundant proteins transported
by EVs. The aim is to use this information to identify useful markers of health
and disease. By using effective EV isolation methods, targeted research could
also help elucidate valuable medical knowledge, since these nanoparticles are
currently being investigated as culprits and therapeutic agents in many disease
mechanisms.
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Chapter 1. Introduction

The idea behind acoustic trapping
Trapping is a technique for separating particles of interest from a mixture.
Unlike using a filter or a technique continuously diverting particles away from
other content, to trap a particle means holding it stationary whilst the unwanted
components can be cleaned away. Trapping particles with acoustic fields can be
quite an effective method, but the challenge is in holding the particles of interest
tightly enough, whilst washing away the residue as efficiently as possible. This
technique is non-contact, meaning the forces act at a distance. With electric
or magnetic fields, charged particles can be manipulated and the direction of
motion depends on the sign of the charge (positive or negative). In acoustic
fields, the direction of the force on a particle depends on the sign of its acoustic
contrast.

Somewhat like how a heavy stone will fall downhill to a valley where there
is lower gravitational potential energy... a tiny dense particle will fall into a
potential well which has lower acoustic energy density - which is also where
the pressure is fluctuating the least. Force fields push or pull particles, like
magnetic attraction or repulsion of magnetic objects, but specially designed
non-uniform fields can trap particles in a levitation hotspot. We create sound
fields by vibrating a glass tube at its resonance frequency, where the sound
waves constructively interfere, this results in areas of higher pressure fluctuation
(anti-nodes). Simultaneously, a node (the levitation hotspot) can form where
there is no pressure fluctuation. In our device, we form a single node in the
middle of the fluid-filled capillary. The acoustic fields we use to trap particles
can enable us to hold particles which scatter sound at the centre of the capillary.
Like light, sound scatters at an interface between different media. For sound, the
greater the difference (or contrast) in density and compressibility, the greater the
difference in sound-speed and the stronger the scattering that results. Particles
with these properties can be more easily trapped by acoustic radiation forces.

When particles get smaller, they get more difficult to trap individually.
However, if larger sound-scattering particles (seed particles) are in the mix,
they can amplify the acoustic forces. We can pre-load the trapping region
with a cluster of seed particles that experience strong radiation forces, before
introducing the hard-to-trap nanoparticles. Ultimately, this means we can trap
very small particles, as long as they too scatter sound.
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The exact mechanism of nanoparticle trapping is still up for debate and is, in
part, discussed in later sections of this thesis. However, it has been demonstrated
that biological nanoparticles containing valuable clinical information, known
as extracellular vesicles, can be isolated by acoustic trapping.

How can acoustic trapping expedite clinical research?

Clinical research on diseases is increasingly counting on liquid biopsies. Take
Alzheimer’s disease, where early diagnosis before symptom onset is critical.
Monitoring of Alzheimer’s patients in the clinic is moving from brain imaging
to spinal fluid analysis, and towards blood tests. Finding a specific marker in
blood is the ultimate goal, as it would allow widespread screening not feasible
with expensive positron emission tomography, magnetic resonance imaging,
and invasive lumbar puncture for cerebrospinal fluid collection.

The problem is that blood is seriously noisy. To detect a molecular blood
biomarker transported in a subset of extracellular vesicles (EVs) which made it
through the blood-brain barrier into the cardiovascular system would require
extremely specific and sensitive techniques. One way to combat this is to employ
purification techniques, such as enrichment of EVs, or a subset of EVs, and
removal of free-floating non-vesicular components - as can be achieved with
acoustic trapping. This is useful for increasing the detectability of the target for
whatever downstream analysis is occurring. This is especially true for a protein
analysis technique such as mass spectrometry, where the signal is dominated by
components from one extremely abundant protein in blood plasma.

EVs are heterogeneous and although it is thought that different sub-
populations may drive independent biological responses or be produced under
different conditions - challenges in isolating these nanoparticles mean that the
clinical value of EVs has not yet been fully exploited. This thesis tackles the
need for better techniques for isolating biological nanoparticles from complex
biological fluids. Taking a microfluidics-based approach, acoustic trapping is de-
signed with small volumes in mind. The self-contained set-up described in this
thesis has automated fluid handling, making it more reproducible than manual
pipetting methods and better suited to handling a few tens of microlitres.
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Furthering research via acoustic trapping of extracellular vesicles

Acoustic trapping is not a new technique for isolating EVs from blood plasma
and urine, however uptake in the EV research field has been limited. Partly, this
was due to the time taken for sample processing before recent developments,
that is limited by the flow rates at which the trapped particles can be retained,
but it is also due to a lack of understanding of the technique itself.

This thesis takes a holistic approach to developing the field of acoustic
trapping towards rapid and clinically relevant EV isolation. The work that
follows explores the role of sound-scattering microparticles, which are used to
enable nanoparticle trapping. We have pushed the boundary on the maximum
flow rates used, to increase the speed of sample processing. The acquired
knowledge has been applied to acoustically isolate extracellular vesicles from
both blood (of a healthy individual) and cerebrospinal fluid (of a 40-patient
cohort including Alzheimer’s patients).

1.1 Aim and scope

This thesis aims to expand the understanding of acoustic trapping of nanoparti-
cles, improving the technique and applying it to extracellular vesicle purification
for biomedical research. The general goal is to have a rapid purification step for
isolating EVs from small volumes of biofluids, that can enable the discovery
of the biological functions of these entities and their role in diseases. Here, we
focus on isolating EVs collected from cell-free spinal fluid and blood plasma.

• Hypothesis 1: Increasing the density of seed particles can improve the
throughput and efficiency of acoustic trapping of nanoparticles.

• Hypothesis 2: Extracellular vesicles can be isolated by acoustic trapping
from less than 10 µL of blood plasma.

• Hypothesis 3: Acoustic trapping can aid the investigation of the cargo of
extracellular vesicles in the cerebrospinal fluid of Alzheimer’s patients.

• Hypothesis 4: Immunoaffinity isolation coupled with acoustic trapping
enables the isolation of sub-populations of extracellular vesicles.
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• Overarching question: What are the mechanisms behind acoustic trapping
of nanoparticles?

This research was experimental in nature and works towards several broader
aims of clinical research. In this work we are aiming to extract useful, specific
medical information from small volumes of biofluids, with high throughput. We
refer to increasing throughput, in the sense of increasing the number of technical
replicates and patient samples that can be processed in a given time period.
Being able to process small volumes of biofluids is valuable for many reasons.
First, more information can be gained if more studies can be done on the finite
volume gathered from patients. Second, in animal studies, where the aim is
always to use fewer and smaller animals, being able to obtain information from
the little biofluid available could facilitate valuable research. Third, reducing
sample volumes is inevitably favourable for limiting the processing time in
microfluidic techniques, moving closer to rapid isolation of EVs. Ultimately,
the goal is to develop this technology and increase the valuable information that
clinicians can obtain from liquid biopsies. Each hypothesis will be addressed
towards the end of this thesis summary.

1.2 Thesis outline

This compilation thesis comes in two parts. This first part is the thesis summary
(‘kappa’ in Swedish), which aims to put the research work in context and also to
summarise the main points of the papers. The research manuscripts themselves
are reproduced, constituting the second part of the doctoral thesis.

In Part I, following this general introduction to the thesis work, Chapter 2
contextualises this thesis by introducing aspects of nanoparticles and microflu-
idics pertinent to this research. This background chapter proceeds to provide
more detail in sections concerning extracellular vesicles and acoustic trapping.
This frames the what and the how hinted at in the title of this thesis ‘Sowing
the seeds of acoustic trapping: Towards rapid isolation of extracellular vesicles’.
Chapter 3 introduces important techniques and methods used in the research.
The purpose of this chapter is to motivate the choice of methods and to provide
understanding of the experimental techniques relevant to this research. This
chapter also offers some more technical detail on the acoustic trapping system
itself and some experimental considerations.
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Chapter 4 briefly outlines the papers included in this thesis. For each of
these research publications, the main aims and results are highlighted alongside
an illustrative figure. At the end of the thesis summary, Chapter 5 discusses
the significance and future outlook of this work. The limitations and oppor-
tunities offered by each outcome are discussed and some remaining questions
are highlighted. Finally, the four papers constituting this compilation thesis are
included in Part II. The titles are also listed on pages ix to x, with statements
on the author’s contribution.

1.3 Ethics

An ethics review board approved the relevant procedures in Papers II and IV
(Identification number 2020-05818) and Paper III (Id. nr. 2013/494), using
donor blood and cerebrospinal fluid, respectively. The studies using human-
derived biofluids (rather than synthetic particles) were designed to use minimal
material whilst having sufficient replicates for biomedical value.
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Background

Acoustic trapping uses acoustic forces to hold particles in position against
flow. This technique sits within the wider field of acoustofluidics, where

sound is used to produce acoustic pressure fields in micro-scale fluidic systems.
This chapter aims to motivate the use of acoustic trapping applied to isolating
extracellular vesicles, as well as highlighting some of the research gaps and chal-
lenges in the technique for applications concerning nanoparticle isolation. To
properly discuss nanoparticles and microfluidics, it is prudent to first introduce
the length scales involved in each, Section 2.1 briefly explores this and some
important phenomena in microfluidic systems. The remaining chapter will
be divided in two main parts: Section 2.2 will give an overview of extracel-
lular vesicles and Section 2.3 will present relevant technical background in
acoustofluidics.

Neither the derivation of theoretical microfluidics, nor the mathematics
describing the acoustic-wave propagation and perturbations, is within the scope
of this thesis. Many important equations have been comprehensively introduced
in the book Theoretical Microfluidics, published in 2007 by Bruus [1]. A more
general textbook Fluid Mechanics, course of theoretical physics translated from
the work of Landau and Lifshitz in 1987 [2], is also a good reference point
for questions on the mathematics including fluid motion, diffusion and sound.
Another useful book is Microscale Acoustofluidics [3] by Laurell and Lenshof,
published in 2014, which encapsulates both theory and applications relevant
to the field. A systematic literature review on microfluidics-based isolation of
extracellular vesicles was published in 2023 as part of this PhD work (listed as
Paper V - not included in Part II) and goes beyond what is discussed in this
thesis [4].

11



Chapter 2. Background
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2.1 Nanoparticles and microfluidics

Microfluidics gained traction as a field of research towards the end of the last
century, relying on fabrication of micrometre-scale structures which are designed
for handling small volumes of fluid [6]. Fuelled by advancements in micofab-
rication techniques – such as lithography [7], etching [8], and more recently
high-resolution 3D printing [9,10] – complex microsystems have emerged over
recent decades. As a symptom of scaling down fluidic channels, their surface
area to volume ratio increases and the effect of fluid viscosity dominates over
inertia. Thus, laminar flow streams emerge whilst turbulence is suppressed.
Laminar flow is characterised by the fluid following predicable adjacent flow-
lines and thus lends itself to deterministic fluid handling. Many microfluidic
devices take advantage of this for applications concerning manipulation and
separation of microscale particles [4].

As particles become smaller, their movement becomes increasingly domi-
nated by Brownian motion, leading to diffusion which makes separation chal-
lenging. Despite the challenge of diffusion, sub-micron particles have been
isolated using microfluidics-based devices with advanced design [11–16] and by
incorporating acoustic [17], electric [18], and magnetic [19] fields. The research
herein concerns the technique of acoustic trapping in a micro-scale capillary (of
cross-section 200 µm x 2 mm), where seed particles (10 µm diameter) can be
directly trapped and nanoparticles (40 – 300 nm diameter) both synthetic (such
as polystyrene) and biological (such as extracellular vesicles) can be indirectly
trapped by scattered ultrasound. These concepts will be described in more detail
in the following sections. Figure 2.1 provides context for the approximate scales
we are working with when we refer to nanoparticles and microfluidics.

2.1.1 Fluids at the microscale

The equation of motion of a fluid’s volume element can be described by Newton’s
second law: 𝐹 = 𝑚𝑎. For a unit element, of mass-density (𝜌) and acceleration
𝑑𝑣
𝑑𝑡 , upon the action of a force −∇𝑝 (the gradient of the pressure over that
element) we can write [2]:

𝜌𝑑𝑣
𝑑𝑡

= −∇𝑝. (2.1)
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It is from this simple relation that the more useful Euler’s and Navier-
Stokes equations were ultimately derived [2]. These equations underlie many
phenomena in fluid dynamics; for a more in-depth theoretical background
the reader is referred to the textbooks recommended at the beginning of this
chapter. In this work, fluid flow is driven by pressure gradients, through narrow
channels, at relatively low flow rates (we will be considering volumetric flow
rates below one millilitre per minute). Although fluid dynamics can be complex
to describe mathematically, the motion of fluids in microfluidic channels can be
predicable. Microfluidic systems usually handle aqueous fluids in channels with
small geometries, through which fluids tend to creep smoothly in layers, with
low Reynolds numbers. Since viscous forces dominate over inertial effects as
geometries are scaled down, the flow profile observed will depend on the shape
and size of the microfluidic channel. The resulting deterministic nature of flow
in microfluidics, allows for predictable, precise, and efficient control of fluid.

Laminar flow

As this thesis deals with microfluidics, where the length scales are much smaller
and the viscous forces tend to dominate, the layers of fluid move parallel to each
other and the channel walls. This is the phenomenon of laminar flow, sometimes
called creeping or Stokes flow. In 1883, Osborne Reynolds investigated the
transition between steady and unstable flow, controlled by the flow velocity [20].
A beautiful illustration of the scientist performing these experiments can be
seen in Fig. 2.2. Photographs obtained using the same apparatus as Reynolds,
a century later by Johannesen and Lowe [21], are shown in Fig. 2.3. These flow
patterns show that flow between two walls with the same dimensions can be
laminar or turbulent depending on the flow rate. These experiments led to the
introduction of a dimensionless number that predicts how turbulent flow will
be, the Reynolds number 𝑅𝑒, defined as [2]:

𝑅𝑒 ≡
𝜌𝑣0𝐿0

𝜂
, (2.2)

where 𝜌 and 𝜂 are, respectively, the density and viscosity of the fluid. The
parameters 𝑣0 and 𝐿0 are the characteristic velocity and length scales. So for
low fluid velocities and small length scales applicable to microfluidic systems,
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the Reynolds number is very small 𝑅𝑒 ≪ 1. A low 𝑅𝑒 (< 1500) corresponds
to laminar flow. Whereas, a high 𝑅𝑒 (> 2500) corresponds to turbulent flow.

Figure 2.2: Illustration of Reynolds’ experimental set up. The glass tube (5 feet long
with a diameter of 1 inch) is shown, in which he observed the phenomenon where fluid
exhibits steady flow or eddies depending on the flow velocity. Used with permission
of The Royal Society (U.K.), from [20]; permission conveyed through Copyright
Clearance Center, Inc.

Figure 2.3: Laminar flow can be observed by an undisturbed filament of coloured
water, which is disrupted as the flow speed is increased and transitions to turbulent
flow. Photographed by N. H. Johannesen and C. Lowe, reproduced from [21].

15



Chapter 2. Background

Microfluidic flow profiles

When flow is driven in a microfluidic channel by applying pressure, such as with
syringe pumps, constant laminar flow can be generated. Although flow-lines are
parallel, the magnitude of the velocity of fluid close to walls tends to differ from
fluid at the centre of the channel. This has been explained mathematically by the
no-slip boundary condition (for a steady-state flow through a straight channel)
meaning that an a element of fluid touching the wall will have the same velocity
as the wall (often zero) [22]. This Poiseuille flow results in geometry-dependent
flow profiles. In general, we observe that fluid progresses faster through the
centre of a microfluidic channel than at the sides, as shown in Fig. 2.4.

The flow of incompressible Newtonian fluids (such as water) can be pre-
dicted by the Hagen-Poiseuille law. Fluid flow through a straight channel
depends on the hydraulic resistance, which can be determined by the cross-
section geometry of the channel [22]. In 2D, the flow profile between two very
close walls is approximately parabolic, as depicted for a narrow tube in Fig. 2.4b
and across the height for the glass capillary in Fig. 2.4c. The hydraulic resistance
for a rectangular channel with high aspect ratio (i.e. where the channel width is
much larger than the channel height) results in a parabolic flow profile across
the smallest dimension, Fig. 2.4c. The flow profile is flatter across the width.

In our microfluidic channel, the new fluid enters in the centre of the capillary
first, Fig. 2.4a. A keen eye may observe that the flow profile implied by this
sample front is steeper than predicted, across the capillary width in Fig. 2.4c.
The exaggerated sample front we observe here is likely the consequence of the
steeper flow profile in the narrow circular tubing, that the sample passed through
prior to entering the capillary.

The inhomogeneous flow velocity is important to consider, when determin-
ing the force experienced by particles at different locations in the capillary. The
channel cross-section is also important when calculating the maximum flow
velocity 𝑣max from an applied volumetric flow rate 𝑄, as the fluid velocity in the
very centre of a capillary will depend on the geometry of the cross-section. In
the capillary used for acoustic trapping in this work, approximately a rectangular
channel as depicted in Fig. 2.4c, the flow velocity in the centre of the channel
is given by [23]:

𝑣max =
𝛽

ℎ𝑤
𝑄 , (2.3)
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Figure 2.4: a) Image showing the upwards syringe-pump driven aspiration of fluid
containing green fluorescent nanoparticles from a narrow tubing into a glass capillary.
Here the width of the capillary is 2 mm and the sample front (highlighted by the dashed
white line) is travelling slightly faster in the centre than at the walls. b) Schematic of
a non-linear flow profile in a narrow tubing with a circular cross-section, depicted in
2D. The 𝑦 direction separates the walls of the tubing, whilst 𝑥 is the channel length
direction and the direction of flow. The velocity of the flow is indicated by the length of
the flow-lines. c) The rectangular cross-section of the glass capillary with approximate
contour lines and plots showing that the flow velocity (𝑣𝑥) increases more steeply across
the height direction than across the width, inspired by [22].

where 𝛽 is an aspect-ratio-dependent constant: 𝛽 = 1.74 in the case of a
rectangular capillary with the dimensions 200 µm (ℎ, height) by 2 mm (𝑤,
width). This is used in Paper I, to determine the local fluid flow velocity at the
centre of the capillary where particles are trapped [24].

2.1.2 Particle motion in fluids

When a particle is suspended in a fluid, its motion will be determined by many
forces. Gravitation and buoyancy usually play a role, although for neutrally
buoyant particles (where the mass-density of the particle and fluid are the same)
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these forces balance and the particle neither sinks nor floats. Drag forces oppose
the motion of particles relative to the surrounding fluid, preferring for a particle
to be dragged along in a moving fluid. Diffusion, on the other hand, drives
particles away from each other due to random collisions, resulting in a more
homogenous distribution within the fluid. Both drag and diffusion are dependent
on particle size, or more specifically on hydrodynamic radius - which is the
effective size of a particle if it is assumed to be a perfect sphere, taking into
account its shape and interactions with the surrounding fluid. These forces are
extremely important for microfluidics-based separation of nanoparticles.

Stokes' drag force
When there is fluid flow, such as in the case of pressure driven flow through
a microchannel, a particle at rest relative to the fluid will experience a force
in the direction of flow [1]. The force experienced by a stationary particle of
hydrodynamic radius 𝑎 in a fluid of viscosity 𝜂 and flow velocity 𝑣, is given
by [2]:

𝐹𝐷 = 6𝜋𝜂𝑎𝑣. (2.4)

The result is that, for spherical particles, the magnitude of the drag forces
are proportional to the particles’ radii. This is important to bear in mind when
trying to trap particles against flow, as is the aim for the work within this thesis.
Drag forces act along the channel direction for the simple case of laminar flow,
although the non-linear flow velocity profile across in a microfluidic channel will
mean that the magnitude of this force depends on the location of the particle
relative to the walls. In some cases, such as when acoustic streaming is active
(see Section 2.3.3), these forces drag particles around in the streaming vortices.

Diffusion
Brownian motion was first observed by Robert Brown in the early 19th century,
when looking under a microscope at the random motion of grains of pollen
suspended in water. These observations led to the understanding that the
random walk of small particles is dependent on their size, see Fig. 2.5. The
equalisation of concentration gradients in a fluid mixture, due to Brownian
motion, is an irreversible source of energy dissipation [2].
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In microfluidics, this phenomena of diffusive species flowing down a con-
centration gradient can be observed as mixing in laminated fluids. Diffusion
becomes increasingly relevant if the diffusivity (rate of diffusion) of the particles
is increased and as channel geometries shrink. The diffusion coefficient 𝐷
describes the expected random motion of a particle, which directly relates to its
size [25], as defined by the Stokes-Einstein relation [26]:

𝐷 =
𝑘𝐵𝑇
6𝜋𝑎𝜂

= < 𝑑2 >
6𝑡

, (2.5)

where 𝑘𝐵 is the Boltzmann constant, 𝑇 is the temperature, 𝑎 is the hydrodynamic
radius of the particle, and 𝜂 is the viscosity of the medium. This determines the
mean squared distance < 𝑑2 > travelled by the particle in time 𝑡 [2]. Diffusion
occurs slower than many other processes, but over small distances, such as in
microfluidic channels, its effect becomes noticeable. This phenomenon can also
be used to measure the size of nanoparticles, such as in nanoparticle tracking
analysis, described in Section 3.2.2.

Figure 2.5: Illustration of the random motion of particles in a fluid due to diffusion.
The red arrows show each discrete step that a particle takes before a random microscopic
collision causes a change in its direction. The gradient in particle opacity signifies time
passing; the smaller the particles are, the faster and further their random motion.
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2.1.3 Early microfluidic separation techniques

In 1966, Giddings et al. described field-flow fractionation (FFF), a technique
that was later used in a pioneering microfluidic chip design which implemented
deterministic fluid handling to separate colloids of different sizes or materials
[12, 27]. As Fig. 2.6 illustrates, components with different properties pass
through a microfluidic channel at different distances from the lower wall due
to diffusion or an external field. The parabolic flow profile across the channel
height (Poiseuille flow, discussed previously in Section 2.1.1) leads to different
flow velocities at different distances from the wall. Thus, there are higher drag
forces on the component with a mean distance further from the wall and this
can result in a separation in the elution times of the two components.

Figure 2.6: Schematic of field-flow fractionation operated to separate some components
X and Y in a microfluidic channel. a) The perspective view shows the narrow channel
with an inflow of mixed sample from the left and an outflow where the components
exit one after the other. b) The side view shows that the two components have different
mean distances above from the lower wall (l ) and the parabolic flow profile of the fluid
results in separated migration through the channel. Reprinted with permission from
the American Association for the Advancement of Science. Used with permission of
AAAS, from [12]; permission conveyed through Copyright Clearance Center, Inc.
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FFF comes in many flavours; sedimentation (the normal mode), thermal,
steric, electrical, lift-hyperlayer, and flow [12,16,27,28]; the principle is the
same but each variation has a different set-up and field driving the separation.
An impractical problem with the elution strategy is that particle fractions are
sequentially collected and thus must be separated in the direction of flow by
time [12], limiting throughput and often requiring long channels. Another
strategy was developed by Springston et al. to separate particles by height in a
microfluidic channel and have a flow splitter to collect particles that have been
forced into each parallel flow-line [29], Fig. 2.7a. One of the first applications
of these types of techniques was to sort cells by their physical properties for
analysis.

Cell separation was a major driver of technical development of acoustophore-
sis in 2004 [30, 31], Fig. 2.7b. Acoustophoresis is a method that uses sound
fields to move particles, as will be discussed in Section 2.3. The flow splitters
allow continuous separation of cells that are pushed into different flow-lines in
an acoustic field, due to their different acoustic properties. For details on the
physics behind particle manipulation using acoustic fields, see Section 2.3.2.
Born out of the development of acoustophoresis, in 2007 acoustic trapping of
live cells was demonstrated by Evander et al. [32], Fig. 2.7c. Acoustic trapping
of bacteria and synthetic nanoparticles was first demonstrated in 2012, follow-
ing the development of the seed particle method [33], see Section 2.3.3. It was
not until 2015 that this technique was extended to isolating what the authors
referred to as ‘microparticles’ from blood plasma, these sub-micron particles
would now be referred to as extracellular vesicles [17].
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Figure 2.7: a) Particle fractionation based on gravitational sedimentation, implement-
ing an H-filter design, here the channel had a width of 2 cm and a depth of 380 µm.
Reprinted (adapted) with permission from [29]. Copyright 1987 American Chemical
Society. b) An acoustophoresis separation chip with i) flow splitter 350 µm wide and
125 µm deep. Separation of lipids from blood occurs due to ii) acoustic forces and
iii) into central or outer flow splitters. Reproduced from Ref. [30] with permission
from the Royal Society of Chemistry. c) An early acoustic trapping chip capable of
trapping cells at three sites, the channels were etched 600 µm wide and 61 µm deep. i)
Photo of microfluidic chip and ii) sketch of the chip design. Reprinted (adapted) with
permission from [32]. Copyright 2007 American Chemical Society.
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2.2 Extracellular vesicles (towards rapid isolation
from biofluids)

Extracellular vesicles (EVs) are a class of biological nanoparticles originating
from cells. In observations in the 1980s, these particles were found to be
produced from animal cells and possess both the receptors [34] and the phos-
pholipid composition [35] inherited from the membranes of the parent cells.
EVs are heterogeneous, but are thought to be most commonly produced by one
of the two mechanisms illustrated in Fig. 2.8: selective budding of the plasma
membrane or secretion from intracellular stores called multivesicular bodies
(MVB) [36]. The following section will begin by explaining the importance and
value of studying the content of EVs, before exploring their physical properties
and how they can be isolated from biofluids.

The intraluminal vesicles that are released from the MVB of all cells are
generally smaller than 100 nm and are referred to as exosomes: a name proposed
by Johnstone in 1987 [35]. Ectosomes formed by outward vesiculation are
heterogeneous and generally larger than exosomes; however, they cannot always
be distinguished by size if the mechanism of formation is unknown. Historically,
these nanoparticles, found in body fluids, were dismissed as cell debris; however,
in 1996 Raposo et al. [37] suggested a role of exosomes in antigen presentation,
which drew attention to a new mode of biological information transfer [38].
The majority of research has been focused on EVs produced by animal cells,
such as those found in blood. EVs can be produced by many different cells,
from neuronal cells to red blood cells, and their components often reflect the cell
of origin. EVs may also be produced by other means: from bacteria [39], plants,
and fungi cells. There is even evidence of interspecies EV uptake, such as in
host-parasite interactions [40] and within the intestinal tract microbiome [41].

2.2.1 Content of EVs

Since their discovery, characterisation of extracellular vesicles and their cargo
has led to growing insight into their role in intracellular communication and
the mechanisms of diseases [42]. EVs have been found in every biological
fluid (biofluid) tested so far and they carry nucleic acids (both messenger and
inhibitor RNA), proteins (tetraspanins, internal protein cargo and associated
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protein corona [43–45]), lipids, and metabolites from their parent cell [46],
Fig. 2.8. The tetraspanins are a family of proteins with four transmembrane
domains [47]. Several have been identified on the membranes of EVs including
CD9, CD81 and CD63 [48–52].

Section 3.3 will introduce some of the methods used in this work to analyse
the protein content of EVs. Analytical tools such as immuno-chemical tech-
niques, mass spectrometry, and genetic sequencing are being used to identify
disease-related components in EVs. With the aim to use the information to
diagnose, understand, and ultimately combat the progression of threats includ-
ing but not limited to cancers, neurological diseases (such as Alzheimer’s and
Parkinson’s), and cardiovascular disease.

Figure 2.8: Illustration of the origins of extracellular vesicles from an animal cell. The
upper pathway via shedding from the plasma membrane forming what are sometimes
referred to as ectosomes/microvesicles, usually large EVs (100 – 1000 nm). The lower
pathway is preceded by the inward budding of small domains in the membrane of late
endosomes and then exocytosis release of what are sometimes referred to as exosomes,
usually small EVs (30 – 100 nm).
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2.2.2 Disease and diagnostics with extracellular vesicles

Roles of EVs in health and disease
EVs are important in maintaining homeostasis - a state of balance among all the
body systems needed for the body to survive and function correctly. Functions
of EVs include promoting coagulation [53] (important for wound healing) and
immune modulation [37, 43, 54–56] (suppressing and activating T-cells) as
well as having roles in healthy metabolism [57], pregnancy [58, 59], and stress
response [60–62]. Furthermore, the cargo of EVs is transferred between cells.
In the case of genetic material, the uptake of EVs can result in a change in
protein expression in the recipient cell. Valadi et al. demonstrated that RNA
contained in mouse mast cell EVs can be transferred to other mouse and human
mast cells [38]. The therapeutic value of EVs in this manner was shown when
mesenchymal stem cell derived-EVs were found to have therapeutic effects on
neurological impairment in stroke mice [63].

On the other hand, EVs and their cargo have also been found to be associated
with harmful processes in a vast number of diseases [64]. Some processes where
EVs play a role are shown in Fig. 2.9. Cancer research has revealed numerous
complex roles of EVs, for example EVs produced by primary tumours can be
transported in the bloodstream and aid the creation of a pre-metastatic niche for
a secondary tumour site [65]. Extensive research has linked EVs to inflammation,
including the triggering of cardiovascular diseases [66] and diabetes [67]. Even
obesity [68] and diseases of the central nervous system [69, 70] appear to be
worsened by mechanisms driven by extracellular vesicles.

EVs in biofluids
Urine, cerebrospinal fluid (CSF) and blood are particularly rich biofluids in
their diagnostic potential, but they each pose unique challenges for EV isolation.
Even cell-free blood plasma is challenging to handle, since it has high viscosity
and free protein concentrations. This means that purifying EVs from blood for
downstream analysis requires not just the removal of cells, but also ideally the
removal of contaminating proteins and other non-vesicular components. CSF
is a scarcer biofluid as well as being more dilute, with a lower concentration
of EVs, than plasma so it can be challenging to gather sufficient material for
analysis. Section 2.2.5 will address advancements in EV isolation methods.
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Figure 2.9: In the vasculature, EVs may play a role in creating a pre-metastatic niche,
platelet activation and adhesion, and inflammatory response activation in the endothe-
lium. Reproduced from [64] according to the (CC BY-NC-ND 4.0) licence.

What is a biomarker?

A biomarker, from biological marker, is broadly a measurable characteristic which
can be ‘...evaluated as an indicator of normal biological processes, pathogenic
processes, or pharmacologic responses to a therapeutic intervention’ [71].
Biomarkers are extremely useful for disease detection and health monitoring as
well as clinical trial evaluations of efficacy and safety. EV transported biomarkers
could even give insights into the mechanism of disease progression which are not
accessible when purely measured in the biofluid. Papers II and IV investigate
proteins in blood that are associated with EVs, via mass spectrometry.
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2.2.3 EVs in Alzheimer's disease

The following section briefly introduces Alzheimer’s disease (AD) and the poten-
tial role of extracellular vesicles in its progression. This aims to provide context
for Paper III and motivate the study of phosphorylated tau as a biomarker via
liquid biopsies. For more detail, the reader is referred to the review by Gomes
et al. [72] on EVs and their implications on diagnosis and treatment of AD.

The scale of Alzheimer's disease
Over 30 million people worldwide had Alzheimer’s disease in 2020 [73] and
unless breakthrough cures are found soon the number in the United States of
America alone is expected to reach 14 million by 2060 [74]. It is the leading
cause of disability and poor health in the elderly population - reflecting a
growing burden on the patients and their caregivers [74]. The process leading
to cognitive decline in AD is introduced in Fig. 2.10.

Figure 2.10: Illustration cognitive decline in human Alzheimer’s disease (AD) and the
associated pathology of of A𝛽 (amyloid-𝛽) plaques accelerating tau spreading. Abnormal
tau, tangles and HMW (high molecular weight, bioactive) tau, are indicative of the
primary age-related taupathy. In the progression of AD, the presence of A𝛽 plaques in
the cerebral cortex correlates with the propagation of neuronal tau to more areas of the
brain. From [75]. Reproduced with permission from Springer Nature.
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AD pathology

Alzheimer’s disease is definitively characterised post-mortem by tau deposition
neurofibrillary tangles (NFT) as well as amyloid-𝛽 (A𝛽) deposition in senile
plaques [75], Fig. 2.10. In life, AD diagnosis is based on clinical symptoms
and cognitive investigation. However, the early-stage pathologic changes in
AD patients can be monitored by positron emission tomography (PET) and
cerebrospinal fluid (CSF) biomarkers, such as the proteins A𝛽1-42, total tau,
and phosphorylated tau (p-tau) [76], Fig. 2.11.

Figure 2.11: The Alzheimer’s disease (AD) cascade illustrated by clinical disease stages,
in terms of biomarkers and changes in the spatiotemporal pattern of A𝛽 (amyloid-𝛽)
and NFT (neurofibrillary tangles) deposits. Positron emission tomography (PET) of the
brain and cerebrospinal fluid (CSF) liquid biopsies are used alongside functional tests
to determine the progression of the disease. Abnormality in CSF A𝛽42 and A𝛽-PET (‘A’
abnormality) are biomarkers in pre-clinical stage AD, followed by abnormality in CSF p-
tau or tau-PET (‘T’ abnormality) and finally increased CSF total tau and hippocampal
atrophy (‘N’ abnormality) are detected in late-stage dementia. Reproduced from [76]
according to the (CC BY 4.0) licence.
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Ultimately, the mechanism of AD development is still debated but A𝛽
and tau both appear to play a critical role over the course of the disease [75].
Critically, these biomarkers show changes in pre-clinical AD which makes them
ideal for diagnosis and may drive combination therapies in the future [75], Fig.
2.11. Tau may be phosphorylated at several locations and phosphorylation
at threonine 217 (p-tau217) and 181 (p-tau181) have recently emerged as
particularly promising biomarkers for AD [77].

Current evidence for EVs role in AD
EVs may propagate misfolded proteins which aggregate and cause neurodegen-
eration, although this has not been thoroughly investigated in vivo. Various
isoforms of tau proteins have been found inside EVs, both in AD patients and
tauopathy mice models [78–82]. In mouse models, tau fibrils have been found
to be mediated by EVs [79, 83]. Tau pathology has been induced in naive mice
via EVs derived from familial Alzheimer’s induced pluripotent stem cells [69].
Figure 2.12 illustrates potential roles of EVs in transporting A𝛽, tau, mRNA
and miRNA from neurons and glial cells [72]. Pathological forms of tau and A𝛽
from diseased cells could be taken up by healthy cells, potentially spreading AD
pathology. EVs can traffic these proteins out of the brain into the blood [84].

Accessing brain biomarkers
Two problems make treating AD challenging. The first is the lack of knowledge
about the mechanism of AD progression and how different factors synergise.
The second is frequent misdiagnosis of symptomatic AD in specialised clinics.
This is driving the need for blood biomarkers which can accurately diagnose
and monitor the progression of the disease [85]. Conditions of the brain
are especially difficult to monitor and treat due to the impermeability of the
barriers in the central nervous system. Information from the brain may not
be transferred into the blood or CSF, evading detection via liquid biopsies,
and targeted therapies need to be able to cross the other way, into the brain.
However, extracellular vesicles can cross these barriers, Fig. 2.12, in both
directions [86–89], making them promising for both diagnostics and therapies
in neurodegenerative conditions.
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Figure 2.12: The proposed roles of extracellular vesicles in the spreading of A𝛽 and tau
pathology between neuronal and glial cells, as well as miRNA and mRNAs that can
induce cellular responses. Neuron-derived EVs (neuro-EVs) and glia-derived EVs (glia-
EVs) may carry forms of A𝛽 and tau proteins which originated from a diseased neuron
(donor cell), triggering Alzheimer’s disease pathology in healthy neurons (recipient cells).
Glial cells may act as an intermediate, taking up neuro-EVs and releasing glia-EVs.
Both types of EVs could cross the blood-brain barrier and be found in the peripheral
blood. Reproduced from [72] according to the (CC BY-NC-ND 4.0) licence.

Section 2.2.5 will outline methods used to isolate EVs from biofluids,
including blood and CSF. In some cases, surface markers on the EVs are targeted
to drive their separation. Otherwise, EV isolation methods rely on the physical
properties of the EVs, primarily their size and density. If biofluids are left for a
long time, their components will naturally separate out by sedimentation under
gravity, depending on their mass and size. Both bulk and microfluidic methods
exist which fractionate components in fluids by these properties. However,
effective separation based on these techniques require careful consideration of
the physical properties of the targets and the potential contaminants.
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2.2.4 Physical properties of EVs

EVs were previously reported to have densities in the range of 1.13 to 1.19
g/ml [90], although it has since been reported that the range of densities (some
high-density EVs populations were found in the range of 1.26 to 1.29 g/ml) and
the heterogeneity of sub-populations is wider than this reflects [91]. The sizes
of EVs have been reported to range from 30 nm to 1 µm [92]. Whilst the size
depends to some degree on biogenesis, Fig. 2.8, there is a continuum making
size-based isolation unable to isolate distinct sub-populations [93]. Figure 2.13
summarises the sizes and densities of EVs compared to common contaminants.

Figure 2.13: Schematic of separation capacity based on size and density of blood
components. The properties of EVs overlap with lipoprotein particles if only size or
density is considered, but combining the two allows distinction between the particles
by physical properties. Lipoproteins are smaller and/or less dense than EVs, whereas
free proteins are denser and smaller. Originally adapted from [93] by Kitka, D. (2024)
BioRender.
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The molecules expressed on EVs result in a net negative surface charge, zeta
potential < −20 mV, contributing to their colloidal stability [94]. However, it
is important to note that the electrostatic surface properties can depend on the
surrounding environment, such as salt, pH, presence of detergents, and buffer
concentrations [94].

The concentration of EVs in vivo varies widely depending on the biofluid and
individual. Several publications report correlations with disease and increased
EV concentration [95], but there is also variation due to other factors such as
more EVs in blood following vigorous exercise [50, 60]. Auber et al. estimated
the EV secretion rates of different human blood cell types: on average per
minute the secretion rates range from nearly 100 EVs per monocyte, to less
than 1 EV per 100 erythrocytes [96]. There are approximately 1012 extracellular
vesicles per mL of blood [96], whereas in CSF there are typically around 109

EVs/mL.

2.2.5 Advancement and obstacles in EV isolation

A major obstacle in disease prognosis in medicine is that sub-micron targets, such
as extracellular vesicles in biofluids, are very difficult to isolate in a reliable way
[51]. Isolating EVs from complex biological backgrounds is important in order
to increase signal-to-noise ratio of transported molecules where diagnostics have
a limited dynamic range. Isolating EVs may also help researchers to interrogate
mechanisms of disease progression. For future therapeutic applications of EVs,
purity will be critical for efficacy and safety.

This thesis focuses on isolating EVs for diagnostic purposes rather than
therapeutic ones, due to the difference in scale of fluid handling needed in
these applications. For therapeutic applications, like using EVs as vaccines,
large volumes (tens of litres) of extracellular milieu must be processed. On
the other hand, diagnostic applications are ideally performed with minimal
volumes of biofluids. Biobanks, repositories storing biological samples for
medical research, often contain small (<1 mL) aliquots of human samples from
many patients which are used sparingly. For particularly challenging medical
research into disease mechanisms or new therapies for in cancer, diabetes, and
stroke, sometimes animal experiments are the only way to gain insight.
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Techniques improving the ease of processing small volumes of biofluids
from mice without pooling samples or using large animals could enable more
efficient animal use. Furthermore, studies on CSF as in Paper III are hard to
set up. CSF is quite invasive to collect and only 1-10 millilitres can be safely
extracted because each individual only has 150 mL in circulation. Clinicians
therefore favour techniques where the most information can be gained from
the smallest volume of biofluid.

Ultracentrifugation
The principle of differential centrifugation as a separation technique is that
particles sediment at different speeds, depending on their density, size, shape,
and the media they are suspended in. The sedimentation coefficient 𝑠 of a
particle is given by:

𝑠 = 𝑚
6𝜋𝜂𝑟

, (2.6)

where 𝑚 is the mass of the particle, 𝜂 is the viscosity of the medium, and 𝑟 is
the radius of the particle. If the particle is spherical and has density 𝜌, its mass
is given by 𝑚 = 4

3𝜋𝑟3𝜌. In practice, this means that sedimenting (forming a
pellet of ) one particle, whilst leaving another particle population in suspension
(the liquid called the supernatant) is possible if they are sufficiently different
in size and density, provided that the appropriate centrifugation speeds are
used. Particles which have higher sedimentation coefficients need less time to
reach the bottom of a given container. The sedimentation time of particles with
smaller 𝑠 values can be accelerated by faster centrifugation.

Figure 2.14 outlines a strategy for isolating two populations of EVs (large
and small) from dead cells, apoptotic bodies and cell debris or other solutes in
a sample. Centrifugation is convenient for separating some cells from small
dye molecules in a staining protocol, requiring only a few hundred × g and 10
minutes or so. On the other hand, separating nanoparticles in a similar way
takes many more manual steps, hours of time, and up to 100 000 × g ultra-
centrifugation speeds [97], which exposes the particles to high shear forces [98].
Isolating EVs by ultracentrifugation requires hundreds of microlitres of sample,
thus EV samples are often pooled together [99].
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Figure 2.14: Ultracentrifugation multi-step protocol for isolating EVs from body fluid
or conditioned medium, taking several hours. Three steps are shown to purify a pellet
of small EVs from a complex mixture, the two fractions shown are the supernatant and
the purified pellet isolated for the approximate centrifugation × g and time. Sequential
separation highlights larger cell debris (green ellipses), large vesicles (red circles), small
EVs (blue circles), and smaller, less dense debris (orange circles). Reproduced from [4]
according to the (CC BY 4.0) licence.

Immunoaffinity

In medicine, immuno- relates to the immune systems and processes in living
organisms and affinity describes the attraction between an antibody (or im-
munoglobulin protein) and an antigen. The tips of these Y-shaped proteins can
bind specifically to an epitope on a specific antigen. This mechanism can be
utilised in purification technologies, such as chromatography, magnetic-bead
capture [100], and extensively in microfluidics-based platforms [101–103]. An-
tibodies can be coated onto surfaces or beads to functionalise them, for example
to capture an EV possessing the target antigen on its surface, Fig. 2.15.
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Figure 2.15: Schematic of three different iterations of immunoaffinity based isolation
methods: a) functionalised surface, b) functionalised bead and c) an example of more
complex functionalisation to also allow EV release. Here, the targeted EV (membrane
enclosed particle containing various proteins and nucleic acids) is assumed to possess
the surface marker (indicated by a red tetraspanin protein) for the complementary
antibody (represented by a blue Y-shape protein) used for capture. Reproduced from [4]
according to the (CC BY 4.0) licence.

This is a very specific isolation process and enables highly pure isolation,
however the heterogeneity of EVs extends to its surface markers and thus
immunoaffinity-based techniques will only be able to isolate a subset of EVs
possessing the targeted antigen. This may be sufficient for many applications,
but cannot paint a full picture of the EV population. Furthermore, antibodies
are expensive, as are the magnetic beads commercially available, which makes
this technique difficult to scale up. Using a microfluidic system can mitigate
this by reducing the volumes of fluids required but also by integrating mixing
modalities which increases the chance of collision, and thus rate of binding
between the antibody and its target.

Immunoaffinity capture is the special ingredient in immuno-acoustic trap-
ping, introduced in Paper IV, and its integration seed particle acoustic trapping
is discussed in Section 3.1.2. In addition to the integration with acoustic trap-
ping, other microfluidic isolation techniques have incorporated this method.
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Microfluidics-based EV isolation
The review paper by Havers et al., entitled ‘Advancement and obstacles in
microfluidics-based isolation of extracellular vesicles’ [4], describes some of
the microfluidics-based techniques which show promise in isolating EVs from
biofluids. The graphical abstract, reproduced in Fig. 2.16, gives an overview
of these techniques. The techniques are diverse, but intrinsic benefits of mi-
crofluidic isolation methods lie in their small volume and deterministic fluid
handing. As discussed in Section 2.1, at the microscale fluids tend to obey
laminar flow and small volumes of fluids can be controlled predictably. EV
isolation techniques on microfluidic platforms can be divided into two types:
passive and active methods.

Figure 2.16: An illustration of microfluidics-based isolation of extracellular vesicles
from biofluids, highlighting techniques which have been incorporated into such devices.
From left to right: passive devices consisting of functionalised surfaces, mechanical
filters, and hydrodynamics; active devices incorporating acoustic, magnetic, and electric
fields. Reproduced from [4] according to the (CC BY 4.0) licence.
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Passive methods tend to be immunoaffinity or size-based devices, EV iso-
lation is driven by functionalised surfaces [101, 102, 104–109], mechanical
filters [14,110–113] or field flow fractionation [16,28,114,115]. More complex
devices include deterministic lateral displacement [13,116,117] and viscoelastic
separation [11, 118–121].

Active methods require external forces: acoustic, magnetic or electric fields
are applied in some way to manipulate particles in microfluidic channels. Mag-
netic fields have been utilised to isolate EVs via affinity capture on function-
alised magnetic beads [19, 102,103,122–124] as well as by label free particle
manipulation [15,125]. Dielectrophoresis uses electric field gradients to sep-
arate or trap EVs [126–128]. The focus of this thesis, acoustic trapping, is
an active technique which relies on acoustic fields generated with ultrasound.
In some EV isolation devices ultrasound is produced by bulk acoustic waves
(BAW) [17, 33, 60, 129–133] or surface acoustic waves (SAW) [134–137].

Acoustic trapping of EVs
In the previous decade, acoustic trapping has emerged as a novel and powerful
technique for nanoparticle enrichment in fluids [33]. Acoustically enriched
extracellular vesicles (EVs) have provided diagnostic and prognostic information
such as miRNAs [130], surface markers [129], and protein expression [132].
Acoustic trapping functions as a fluidic platform able to retain particles and
cells against flow in an acoustic field in a BAW (bulk acoustic wave) device [32,
138]. Compared to other popular label-free techniques like ultracentrifugation,
acoustic trapping is relatively rapid and gentle [129]. Acoustic trapping also
allows washing, removing non-trapped species like free proteins [132]. Unlike
many other microfluidic techniques, acoustic trapping has been commercialized
(AcouSort AB, Lund, Sweden) and can process biological samples at flow rates
exceeding 30 µL/min. The rest of this chapter will set out important theory to
understand this technique.
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2.3 Acoustofluidics (Sowing the seeds of acoustic
trapping)

Acoustofluidics refers to ultrasound-driven manipulation of particles in microflu-
idic systems. These are often simple systems using a piezoelectric transducer
to vibrate a hard-walled rectangular channel at a resonance frequency [139].
If the channel is vibrated to produce a half-wavelength standing wave then
there will be a single pressure node at the centre of the channel [1, 139,140],
see Fig. 2.17. By designing a system with in-plane separation, this technique
was applied for focusing cells into the pressure node in continuous flow [31].
This provided an alternative method for cell-medium exchange without need-
ing centrifugation [141]. Acoustic trapping similarly relies on bulk acoustic
standing waves, albeit with a localised acoustic field, see Fig. 2.18. We will only
discuss single-node systems here, as is the case for the small acoustic trapping
units used in this work, however many acoustofluidic systems are operated with
multiple pressure nodes [31, 132, 133, 141]. This subsection will discuss the
theory behind acoustic trapping - from acoustic resonance to radiation forces
on particles - and introduce current hypotheses on seed particle trapping. Table
2.1 defines some important parameters used in this section.

2.3.1 Standing waves and resonance

Although the acoustic fields in acoustofluidic systems are 3-dimensional, valu-
able insight can be gained from looking at the cross-sections of the microfluidic
channels, in Fig. 2.18. Understanding concepts such as acoustic impedance and
resonance frequency underlies the development of acoustofluidic techniques.
In brief, sound is reflected at boundaries between materials of differing acoustic
impedance, defined as 𝑍 = 𝜌𝑐 for plane waves; dependent on the mass density
𝜌 and speed of sound 𝑐 in the medium [142]. Note that the speed of sound

through a medium can be written as 𝑐 = √
1

𝜅𝜌 , where 𝜅 is the adiabatic com-
pressibility of the medium. The resonance frequency of a system is defined by
the dimensions of the boundaries.
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Table 2.1 Summary of symbols for parameters concerning the force acting on a small
particle placed in a standing wave generated in a fluid-filled channel.

Parameter Definition Unit

𝜆 Wavelength m
𝑘 Wavenumber m−1

𝑓 Frequency Hz
𝜔 Angular frequency rad s−1

𝑍 Acoustic impedance Pa s m−1

𝑐 Speed of sound m s−1

𝑣 Velocity m s−1

𝑝 Pressure Pa
𝐸𝑎𝑐 Acoustic energy density J m−3

𝐹 𝑟𝑎𝑑 Primary acoustic radiation force kg m s−2

𝑈 𝑟𝑎𝑑 Radiation potential kg m2 s−2

𝐹𝑟 Lateral retention force kg m s−2

𝐹𝑆𝑒𝑐 Secondary acoustic radiation force kg m s−2

<> Mean (time-averaged) notation -
∇ Vector differential operator -

𝑓1 Monopole scattering coefficient
𝜅0 Compressibility of fluid Pa−1

𝜅𝑝 Compressibility of particle Pa−1

�̃� = 𝜅𝑝
𝜅0

Compressibility contrast

𝑓2 Dipole scattering coefficient
𝜌0 Mass density of fluid kg m−3

𝜌𝑝 Mass density of particle kg m−3

̃𝜌 = 𝜌𝑝
𝜌0

Mass density contrast

Φ Acoustic contrast factor
𝑎 Particle radius m
𝑉𝑝 Particle volume m3

(𝑥, 𝑦, 𝑧) Cartesian coordinates m
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For example, a confined geometry with two hard walls will have a resonance
frequency at 𝑓 = 2ℎ

𝑐 , so the wavelength is equal to half the height ℎ. Harmonics
(multiples) of this fundamental frequency will also exist. If the half-wavelength
resonance mode is generated, the pressure oscillation is zero at the centre of
the capillary and maximum at the walls. A standing wave approximation can
be defined for a 1-dimensional sinusoidal plane wave, propagating in the 𝑧-
direction where 𝑧 = 0 at the centre of the capillary, Fig. 2.17. The pressure
field in a 1D standing wave can be written as:

𝑝(𝑧, 𝑡) = 𝑝0 sin(𝑘𝑧) cos(𝜔𝑡). (2.7)

Figure 2.17: Schematic representation of a one-dimensional half-wavelength resonance
mode where the wave is propagating in the 𝑧 direction. The half-wavelength sound
wave results in a pressure node in the centre and anti-nodes near at the walls. The grey
walls represent rigid boundaries: the waves propagate between them and are reflected at
the boundaries due to a difference in acoustic impedance. The pressure amplitude 𝑝 and
the velocity amplitude 𝑣 are indicated in red (left) and orange (right), respectively. The
background colour gradients (see key) illustrate the resulting mean squared fluctuation
of the pressure and velocity components of the 1D acoustic field.
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The pressure oscillates overtime, with a fixed amplitude 𝑝0 and wavenumber
𝑘 = 2𝜋

𝜆 . As illustrated in Fig. 2.17, the fluctuation in pressure in time depends
on the position along the wave propagation direction. The pressure and velocity
fields in the fluid which result from these waves are illustrated in 1D, where
the velocity field is zero at the walls (at 𝑧 = ±𝜆

4 ) and the pressure field is zero
halfway between the two walls (at 𝑧 = 0). Figure 2.18 extends this to 2D fields,
and relates these fields to their use in acoustophoresis.

Figure 2.18: Illustration in 2D, comparing a) acoustic focusing with b) acoustic
trapping, where the approximate motion of particles is indicated with arrows. Both
acoustofluidic techniques involve a rigid fluid-filled channel mounted on an ultrasound
transducer which is driven at the half-wavelength resonance. In acoustic trapping, the
smaller transducer leads to localised acoustic fields, shown both in terms of the pressure
(left) and velocity (right) fields. The origin (0, 0, 0) lies at the centre of each capillary.
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Figure 2.18 shows the acoustic fields in 2D in ideal cases corresponding
to where the sound is either produced continuously along the length of a
microchannel (as in the case in acoustic focusing of particles) or from a more
localised point (for acoustic trapping of particles). These acoustic fields can be
used to manipulate particles via acoustic forces, as detailed in the sections that
follow. In this depiction of acoustophoresis, the pressure and velocity gradients
lead to particles being focused to the mid-height of the channel (𝑧 = 0) but
continuing to progress with the fluid. In acoustic trapping, particles are still
focused in the 𝑧 direction, however the localised velocity field introduces lateral
radiation forces which trap particles against flow in the 𝑥 direction, see Section
2.3.2.

2.3.2 Particle manipulation in acoustic fields

When a particle (or cell) is placed in an acoustic field, the particle’s movement
will depend on its volume as well as its density and compressibility compared
to the fluid [143, 144]. Figure 2.19, summarises several relevant physical
mechanisms affecting a particle in an fluid that result from an incident acoustic
wave. Gor’kov presented the theory for the force acting on a small particle
placed in a standing wave. The acoustic radiation force depends on the gradient
of the acoustic potential at that location in the field as [144]:

𝐹 𝑟𝑎𝑑 = −∇𝑈 𝑟𝑎𝑑. (2.8)

In the case of a spherical particle in an acoustic field, the acoustic radiation
potential can be written as [145]:

𝑈 𝑟𝑎𝑑 = 4𝜋
3

𝑎3
[𝑓1

1
2

𝜅0 < 𝑝2 > −𝑓2
3
4

𝜌0 < 𝑣2 >]. (2.9)

The monopole scattering coefficient 𝑓1 is given by the compressibility contrast:

𝑓1(�̃�) = 1 − �̃�. (2.10)

The dipole scattering coefficient 𝑓2 is defined by the density contrast:

𝑓2( ̃𝜌) = 2
̃𝜌 − 1

2 ̃𝜌 + 1
. (2.11)
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The other variables are as previously defined, see Table 2.1. The mechanisms of
monopole and dipole radiation on a single particle are described in Fig. 2.19a
and c, respectively.

By consequence of this acoustic radiation force, Eq. 2.8 - 2.11, a particle
with positive scattering coefficients will move towards a pressure node (velocity
anti-node), whereas a particle with negative scattering coefficients would move
towards the pressure anti-node (velocity node) [30]. Most particles and biologi-
cal species of interest, for example cells, have positive scattering coefficients in
water since they are generally more dense and less compressible than the fluid
(large ̃𝜌 and small �̃� in water) [146]. In acoustophoresis, acoustic radiation
forces can be used to focus cells or particles away from the walls of the channel,
see Fig. 2.18, where they can be transported along a flow-line and be separated
from a mixture [30, 31, 139].

Figure 2.19: Simplistic representations of some physical mechanisms describing mul-
tipole components, resulting from an acoustic wave incident on a particle in a fluid.
Shading represents thermal (pink) or viscous (blue) boundary layers, which can arise
due to different particle properties. (a) Compressibility contrast �̃� leads to monopole
radiation, as the incident periodic pressure field compresses the particle relative to the
fluid. (b) Thermal contrast also gives rise to monopole radiation as well as development
of a diffusive thermal boundary layer, as the incident periodic temperature field leads
to thermal expansion of the particle relative to the fluid. (c) Density contrast ̃𝜌 gives
rise to dipole radiation as well as a viscous boundary layer, as the difference in inertia
between the particle and fluid causes the particle to oscillate relative to the fluid. d)
Particle resonances can cause complex thermoviscous boundary layers and multipole
radiation, when acoustic wavelengths are comparable to the particle size. Reprinted
figure with permission from [147] Copyright 2015 by the American Physical Society.
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Primary acoustic radiation force
For a standing one-dimensional pressure wave in the 𝑧 direction, as illustrated
in Fig. 2.17, the radiation force (Eq. 2.8) acting on a spherical particle can be
reduced to [143,145]:

𝐹 𝑟𝑎𝑑
1𝐷 (𝑧) = −4𝜋Φ (�̃�, ̃𝜌) 𝑎3𝑘𝐸𝑎𝑐 sin (2𝑘𝑧)𝑒𝑧, (2.12)

where the mean acoustic energy density in the fluid is 𝐸𝑎𝑐. The acoustic contrast
factor Φ (�̃�, ̃𝜌) combines the scattering coefficients in this 1D case:

Φ (�̃�, ̃𝜌) = 1
3

𝑓1 (�̃�) + 𝑓2 ( ̃𝜌) . (2.13)

The resulting force felt by the particle will push a particle with positive Φ into
the pressure node [148], where 𝑧 = 0 in Fig.s 2.17 and 2.18. A particle with
negative Φ, not the case in this work, would instead be pushed towards the
pressure anti-nodes at the channel walls [30,149]. The acoustic radiation forces
on smaller particles are weak, as 𝐹 𝑟𝑎𝑑 ∝ 𝑎3. Hence, acoustophoresis is not
generally used for separating sub-micron particles. Some developments have
shown that focusing of sub-micron particles is possible [150–153], but generally
very high acoustic energy densities and/or low flow rates are required.

Acoustic fields simulated in three dimensional capillaries
Ley et al. presented 3D simulations for an acoustic trapping capillary actuated
at its half-wave resonance frequency [23]. This actuation model was designed
to mimic a pushing and pulling motion on the glass capillary (with a wall
displacement of around 0.1 nm) and simulated pressure and displacement
fields, as well as the resulting lateral acoustic radiation forces. They analysed
various geometries, chiefly the 0.2 by 2 mm glass capillaries regularly used for
acoustic trapping [5, 24, 33, 154, 155], Fig. 2.20. In practice, the capillaries
are connected with tubing at each end, therefore the acoustic waves are not
reflected at the end of the capillaries. This was modelled as an artificial perfect
absorber of outgoing travelling bulk acoustic waves [23].

The resulting fields, presented in terms of pressure and displacement in Fig.
2.20b-c, show a standing wave above the actuation plane plus a travelling wave
moving away from the transducer region. The pressure amplitude drops by an
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order of magnitude just past the transducer, which gives rise to the lateral forces
that define the trapping region, Fig. 2.20d.

Figure 2.20: 3D model and (one-quarter) simulations of a simple glass capillary with
dimensions as used in this work (ℎ=200 µm and 𝑤=2 mm) actuated for the simulations
at 3.906 MHz. The green boundary indicates the edge of the actuation region and
(0, 0, 0) is the centre of the capillary. The purple boundary indicates the position of
the artificial perfect absorber in the models, added to dampen outgoing travelling bulk
acoustic waves. a) Sketch of the full 3D capillary filled with water and mounted on a
transducer. b) The pressure field 𝑝 indicated by blue (-0.18 MPa) and red (0.18 MPa)
in the fluid. c) The displacement field 𝑢 of the glass capillary ranging from dark red
(0 nm) to white (1.2 nm). d) The lateral acoustic radiation force acting on 12 µm
polystyrene beads in the 𝑥-𝑦 plane at 𝑧 = −0.05ℎ, light gray is 0 pN and dark red is
0.44 pN. Reprinted figure (adapted) with permission from [23] Copyright 2015 by
the American Physical Society.
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Lateral forces on particles
In acoustic trapping, as in acoustic focusing, the primary axial acoustic radiation
force (in the 𝑧 direction) levitates particles in the acoustic field, Fig. 2.18b.
However, since the acoustic field is localised, the velocity fluctuation magnitude
drops at the edge of the transducer [156]. This additionally introduces lateral
radiation forces (see black arrows in the negative 𝑥 direction in Fig. 2.20),
enabling the system to trap particles against fluid flow, Fig. 2.21.

Figure 2.21: Schematic side-view in the 𝑥 − 𝑧 plane in the centre of a vertical acoustic
trapping unit, where a single particle is trapped against flow. Inset highlights the forces
acting on the particle trapped in an acoustic field where orange glow represents the area
with highest mean squared velocity fluctuation.
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This localized acoustic field is used to suspend a pancake-shaped cluster (a
thin disc) of particles in the capillary above the piezoelectric transducer. The
use of such a seed particle cluster will be explained in Section 2.3.3, when we
approach the trapping of nanoparticles. A seed particle cluster may be retained
at this point, against the drag force induced during washing in the 𝑥 direction,
when there is a local strong Gor’kov minimum [23,144,156]. The retention
force 𝐹𝑟 for a single particle of volume 𝑉𝑝 at point (𝑥, 0, 0) in the capillary
actuated with pressure amplitude 𝑃0 and angular frequency 𝜔 [24, 156]:

𝐹𝑟(𝑥) = −𝑉𝑝
3 𝑓2𝑝2

0

8 𝜔2𝜌0
𝑘𝑥𝑘2

𝑧 sin (2𝑘𝑥𝑥)𝑒𝑥. (2.14)

In the capillary used in this work, the resonance frequency 𝑓 of the water-
filled capillary was 4 MHz. The angular frequency, 𝜔 is (2𝜋𝑓) of the applied
ultrasound. The wavenumbers in the 𝑥 and 𝑧 directions are given by:

𝑘𝑥 = 2𝜋
𝜆𝑥

= 2𝜋
2𝑙

and 𝑘𝑧 = 2𝜋
𝜆𝑧

= 2𝜋
2ℎ

, (2.15)

where the piezoelectric transducer length 𝑙 is approximately 2000 µm and ℎ =
200 µm is the height of the capillary. 𝜆 is the corresponding wavelength for
each wavenumber 𝑘, in the 𝑥 and 𝑧 directions.

According to Eq. 2.14, the retention force which a particle experiences
in an acoustic trap depends on its density relative to the fluid. In order to
achieve a high throughput in nanoparticle trapping, the seed particle cluster
needs to withstand strong drag forces and be stably trapped. This requires
a strong retention force which can be enabled by both strong acoustic fields
and the microparticles having a large density contrast ( ̃𝜌), as demonstrated
by the transition to silica seed particles in Paper I [24]. The seed particles
are particularly useful if they can be acoustically trapped at a wide range of
voltages and flow rates, see Section 2.3.3 for detail on the transition to silica
seed particles on this basis. Increasing the acoustic field strength can be achieved
by increasing the voltage of the ultrasound transducer, however an unfortunate
side effect is excessive heating, which is to be avoided for biological samples.
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Secondary acoustic radiation force

In practice, the acoustic forces on a particle depend on more than just its
own physical properties, the surrounding fluid, and the applied acoustic field.
Usually there will be more than just a single particle in the acoustic field.
If the other particles also scatter sound then their presence will introduce
interparticle forces, sometimes called secondary acoustic radiation forces [157,
158]. One consequence of interparticle forces, combined with the primary
acoustic radiation force, is that microparticles or cells in an acoustic field are
pushed close together to form a tightly packed cluster levitated in the pressure
node [156,159].

To understand this mathematically, a simple case is illustrated in Fig. 2.22,
where we consider the forces on a probe particle which is in the vicinity of a
large source particle. The interparticle forces between the probe and source
particle can be attractive or repulsive depending on the position of the particles
relative to the acoustic pressure node as described by Baasch et al. [159].

Equation 2.16 presents a simplified expression for the magnitude of the
secondary acoustic radiation force 𝐹𝑆𝑒𝑐 between two particles (given subscripts
𝑝1 and 𝑝2) dependent on their radii (𝑎𝑝1 and 𝑎𝑝2), densities (𝜌𝑝1 and 𝜌𝑝2), and
compressibilities (𝜅𝑝1 and 𝜅𝑝2) [157]:

𝐹𝑆𝑒𝑐 = 4𝜋 𝑎3
𝑝1𝑎3

𝑝2[
(𝜌𝑝1 − 𝜌0)(𝜌𝑝2 − 𝜌0)(3cos 𝜃2−1)

6𝜌0𝑑4 < 𝑣2(𝑧) >

−
𝜔2𝜌0(𝜅𝑝1 − 𝜅0)(𝜅𝑝2 − 𝜅0)

9𝑑2 < 𝑝2(𝑧) >]. (2.16)

This is a short range force which increases significantly with decreasing
distance 𝑑 between the particles, and the sign depends on the angle 𝜃 describing
the particles’ positions relative to the pressure node. Upon closer inspection
of the first part of Eq. 2.16, it can be seen that, in the pressure node where
< 𝑝2(𝑧) >= 0, the interparticle force scales with the distance as 𝑑−4. Therefore
a strong force can arise even when one of the particles is very small (𝑎 is small),
so long as the particles are very close together (𝑑 is also small).
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Figure 2.22: Schematic representation of source and probe particles near an acoustic
pressure node. Secondary acoustic radiation forces occur for multiple particles in an
acoustic field, which generates attractive or repulsive forces between the particles. The
interparticle force experienced by the probe particle will depend on the angle 𝜃 and
distance 𝑑 from the source particle. Schematic inspired by Baasch et al. [159].

2.3.3 Acoustic trapping of nanoparticles

So far, the acoustic forces responsible for trapping a cluster of microparticles
in an acoustic pressure node have been described. It can be seen from both
Eq.s 2.14 and 2.16 that the acoustic radiation forces scale with the volume of
the particle, thus 𝐹 𝑟𝑎𝑑 ∝ 𝑎3. From Eq. 2.4, drag forces scale as 𝐹𝑑 ∝ 𝑎, thus
they begin to overcome trapping forces as particles get smaller. In general for
our system, operated at a peak to peak voltage of 10 Vpp, the trapping limit is
approximately 1 µm for polystyrene particles. Particles larger than that limit
can be trapped (including cells, polystyrene and silica), whereas sub-micron
particles cannot be directly trapped. Of course, this is a generalisation because
both acoustic and drag forces may be controlled to some degree. However, with
any practical flow rate in our system, the acoustic forces on a small number of
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sub-micron particles are insufficient to retain them.
The first hint at a solution to enable acoustic trapping of sub-micron particles

was found seemingly by accident. Instead of the intended dilution, a very high
concentration of polystyrene nanoparticles was used in a trapping experiment
and began to aggregate together and be trapped. In the results, published in
2012, Hammarström et al. showed that there was a threshold [33] of particle
concentration above which they could even trap particles with diameters close
to 500 nm. Still, many particles were caught up in acoustic streaming rolls
which will be discussed in the next subsection.

This finding led to the introduction of seed particle trapping, whereby
microparticles are preloaded in the trapping region and then nanoparticles can
be trapped in the interstitial space within the cluster of microparticles. These
particles are called seed particles, microparticles from which a cluster of trapped
particles can grow: in some ways like how a seed crystal can support the growth
of large crystals in a solution. The exact mechanism which makes it possible
to trap nanoparticles in this way is, however, less well established. Figure 2.23
illustrates some of the factors which may play a role in holding nanoparticles
close to seed particles, and enabling them to be retained against flow.

Historically, 𝐹𝑆𝑒𝑐 interparticle forces were thought to be the sole drivers
of nanoparticle trapping [33]. When particles are close to the pressure node,
this acoustic interaction force would be dependent on the dipole scattering
coefficients and sizes of all the particles involved, Eq. 2.16. Although attraction
as well as repulsion due to secondary acoustic forces has been observed exper-
imentally [159–163], the role of these forces in acoustic trapping is unclear.
A better understanding of these effects could allow improved efficiency and
control of acoustic trapping. It may be important to also consider electrostatic
forces if the particles are charged. Furthermore, there is increasing attention
towards the potential roles of hydrodynamic shielding and micro-streaming
in helping nanoparticles to be trapped in the vicinity of seed particles, rather
than getting pulled away by drag forces. The following section will first discuss
acoustic streaming, a relevant phenomenon observed when trapping smaller
particles, and then address each of the mechanisms summarised in Fig. 2.23.
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Figure 2.23: Schematic representation of forces which may play a role in acoustic
trapping of nanoparticles (represented in green) inside seed particle clusters (red circles).
Part of figure inspired by [4]. i) Nanoparticles may be hydrodynamically shielded by
the seed particles, experiencing lower drag forces and allowing retention in the cluster
whilst external flow is applied. ii) Electrostatic attraction can be relevant to consider,
depending on the surface charge on each particle, for example between a positively
charged seed particle and a negatively charged nanoparticle. iii) Interparticle forces
caused by the sound scattering of seed particles increase significantly at short distances
and can lead to particles being attracted to each other. iv) Microstreaming close to the
seed particle surface may drive vortices capable of trapping nanoparticles.

Acoustic streaming
Acoustic streaming has been observed when transducers are actuated below
trapping capillaries, introducing drag forces that recirculate fluid in the vicinity
of the trapping region [33], Fig. 2.24a. With dilute concentrations of nanopar-
ticles, Hammarström et al. [33] observed that the motion of the particles was
dominated by streaming rolls, evading trapping. The characteristic streaming
rolls can be observed in the plane parallel to the transducer in the centre of
the trapping capillary, whilst the transducer is being actuated, Fig. 2.24a. In-
coming sub-micron particles are pushed by fluid towards the centre, but then
rapidly pushed towards the walls and around away from the transducer before
recirculating back again. This streaming is thought to be largely induced by
thermoviscous effects due to the thermal gradient above the transducer (Fig.
2.24b) and to a less extent boundary driven streaming (Fig. 2.24c) [164].

51



Chapter 2. Background

Figure 2.24: a) Experimental observation of acoustic streaming in a trapping capillary,
figure used with permission of Royal Society of Chemistry, from [33]; permission
conveyed through Copyright Clearance Center, Inc. The acoustic streaming pattern in
the trapping capillary is shown using 500 nm particles at a concentration of 0.1%wt.
The capillary is horizontally aligned and the transducer is outlined in yellow. Four
characteristic streaming rolls are observed for this setup at resonance, as indicated by
the red arrows. b) Theoretical simulation of thermoviscous acoustic streaming. The
streaming velocity in the central plane 𝑧 = 0 is indicated by the size of the magenta
arrows. The dashed black lines show the symmetry planes, and the red lines the edge
of the actuation region. c) The same simulation neglecting thermal effects. b-c) are
adapted and reprinted with permission from [164]. Copyright 2021, Acoustical Society
of America. d-e) Show the acoustic streaming rolls observed with 1 µm and 300 nm
green polystyrene particles. Magenta arrows roughly show the four vigorous streaming
rolls are present in both cases.
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The simulations by Joergensen et al. suggest that, in theory, only 1 ∘C
difference in temperature above and outside of the actuation region is sufficient
to produce 50 µm/s streaming rolls [164]. Preliminary results show that the
pattern and velocity of these streaming rolls can be modified by external temper-
ature gradients. Streaming rolls observed in a trapping capillary are shown for
polystyrene particles of 1 µm and 300 nm in Fig. 2.24d and e, respectively. In
Fig. 2.24d, a bright spot in the centre is observed, indicating the 1 µm particles
beginning to be trapped, however as the streaming rolls build in speed this
cluster was also disrupted by the streaming. The four characteristic streaming
rolls can be seen to dominate for 300 nm, Fig. 2.24e, whereas no trapping is
seen even in the absence of an external flow. However, it is still unknown to
what degree this streaming phenomenon aids or hinders nanoparticle trapping
when seed particles are present. One argument is that the recirculation should
be advantageous because it increases the chance of nanoparticles coming in close
to the seed particles. Without recirculation there might be more nanoparticles
close to the wall which follow a flow-line too far from the seed particle trapping
cluster. On the other hand, rapid streaming rolls could overcome trapping
forces in some locations around the cluster and thus have a detrimental effect on
trapping. It’s worth noting that several microfluidic devices have been designed
to use streaming rolls themselves as a mechanism of trapping [165–167].

The importance of seed particles
Whilst Fig. 2.24 showed that 300 nm polystyrene particles recirculate in
streaming rolls in the absence of seed particles, those same nanoparticles can be
enriched in the interstitial space between seed particles. Seed particle clusters are
pre-loaded into the trapping region to allow the acoustic trapping of nanopar-
ticles, Fig. 2.25. This technique was first demonstrated in 2012, enabling
acoustic trapping of particles as small as 100 nm [33]. The acoustic trapping
seed particle concept is similar to earlier work by Gupta et al. [168], where a
chamber packed with glass beads (3 mm) was actuated with an acoustic standing
wave to trap 2 - 15 µm polystyrene against flow.
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Figure 2.25: A glass capillary actuated with a piezoelectric transducer at 4.1 MHz,
used for acoustic trapping of nanoparticles. a) Schematic where the acoustic field
is represented by the local < 𝑣2 > maximum (orange shading) in the centre of the
capillary. The velocity gradient traps seed particles (10 µm, dark spheres), between
which nanoparticles (< 300 nm, green sphere) are trapped. b) Image of trapping region
during aspiration of high concentration NPs (around 1012 particles/ml) into the seed
particle cluster. Arrows indicate how the sample is aspirated and acoustic streaming
focuses and recirculates nanoparticles into the seed particle cluster. c) Schematic of
a cross-section of the capillary where a nanoparticle is being trapped between seed
particles. Adapted and reproduced from [24] according to the (CC BY 4.0) licence.
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A visual demonstration of the value of seed particles is presented in Fig. 2.26.
Nanoparticles of 150 nm cannot be trapped directly even if they are made of an
extremely dense material such as gold nanoparticles (AuNPs). However, seed
particles can enable trapping of these previously untrappable nanoparticles as
well as significantly increase trapping of the slightly larger sub-micron particles
(250 nm AuNPs).

Figure 2.26: Direct and seed particle trapping of gold nanoparticles (AuNPs). AuNPs
were grown to 150, 200 and 250 nm, trapped nanoparticles can be seen in brown. The
seed particles in the bottom row of this image were 12 µm polystyrene and they can
just about be seen as a grey cloud in front of the transducer (white rectangle).

Since its inception, there have been a number of publications using this
seed particle method to trap sub-micron particles from biofluids, for various
diagnostic and research applications. Acoustic trapping of bacteria using seed
particles has been performed in several studies [33, 169, 170]. The addition
of seed particles was critical in this case, because the concentration of bacteria
in blood culture (approximately 107 bacteria/mL [169]) was lower than the
concentration at which direct capture would have been possible [33]. Following
from that work, acoustically trapped EVs from blood plasma [17,129,131,133,
171,172], conditioned media [129] and urine [129,132,173] have been studied.
The work in Paper III adds cerebrospinal fluid to that list. As discussed in
Section 2.2, the concentration of EVs in these biofluids range from 109 − 1012

particles/mL and the majority of those EVs are smaller than 100 nm.
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Silica-based seed particles

Although seed particle enabled nanoparticle trapping has been utilised for over a
decade, most studies used the same size (10 - 12 µm) plain polystyrene micropar-
ticles [33, 132–134]. The work in this thesis focuses mostly on transitioning
to silica-based seed particles. As shown in Fig. 2.27, an acoustically trapped
cluster of silica seed particles with 10 µm diameters can be used to effectively
trap 1 µm-sized particles, overcoming the streaming rolls which dominated
in Fig. 2.24. Another notable use of silica seed particles was while trapping
bacteria for mass spectrometry in 2014, by Hammarström et al. [169]. In that
case, the choice of material was motivated by the hydrophilic surface properties
of silica beads, anticipating that silica seed particles would have less non-specific
binding of proteins than polystyrene seed particles. However, they did not
compare trapping performance versus polystyrene seed particles.

There are two acoustic advantages of using silica seed particles instead of
polystyrene seed particles. These advantages stem from the fact that silica is
twice as dense as polystyrene; this has significant consequences for the retention
and interparticle forces (Eq.s 2.14 and 2.16, respectively), generated with silica
seed particles. The dipole scattering coefficient, Eq. 2.11, of silica in water is
an order of magnitude greater than polystyrene in water, see Paper I. This leads
to high acoustic radiation forces retaining silica seed particles in the trap. The
advantage of a high retention force is that the seed particle clusters can be trapped
against higher flow rates and allow more rapid processing during nanoparticle
trapping, without the risk of losing the cluster [24]. After this was demonstrated,
Costa et al. [174] also used silica seed particles for their advantageous acoustic
properties: using silica seed particles enabled microplastics to be acoustically
trapped from water, at flow rates of 5 mL/min. From previously presented
theory, we would expect that the secondary acoustic radiation forces should be
stronger on nanoparticles, if the density contrast of the seed particles (source
particle in Fig. 2.22) is increased.

The use of silica seed particles to trap 270 nm polystyrene nanoparticles was
investigated in detail in Paper I. Paper II also demonstrates that the trapping
of extracellular vesicles can be achieved with silica seed particles. Furthermore,
we investigated whether neutrally charged seed particles can still be used to trap
EVs by using zwitterionic silica seed particles Paper II, as electrostatic attraction
could be expected to play some role.
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Figure 2.27: Image of fluorescent polystyrene 1 µm particles trapped inside a seed
particle cluster. 10 µm silica seed particles are just about visible, one is circled in black,
and the green glow shows enriched polystyrene particles within the seed particle cluster.
The scale bar is approximately 100 µm.

Electrostatic attraction

As the acoustic trapping process involves two different types of particles (the
nanoparticles and the seed particles) getting close to each other, the charge on the
surface of these particles can become important. For example, if microparticles
have an amino (-NH2) or carboxylic acid group (-COOH) termination on
the surface, these particles become positively and negatively charged in water,
respectively. This can lead to electrostatic attraction between microparticles and
nearby oppositely charged nanoparticles, or else repulsion if they are similarly
charged. Even without such terminal groups, as for the plain polystyrene and
silica microparticles used in this work, there may be chemical forces (such as
a hydrophobic or Van der Waals force) between neighbouring particles in an
aqueous medium. For example, in the absence of stabilisers, plain polystyrene
particles in pure water have been seen to aggregate [175]. The effective charge

57



Chapter 2. Background

on the surface of these particles can change with pH and the attraction/repulsion
experienced by a charged particle can also be shielded by salt concentration,
since ions attracted to charged surfaces produce a double layer and a diffuse
layer. Preliminary experiments showed that the adsorption properties of seed
particle surface were noticeable when trapping in Milli-Q®(ultrapure water from
Merck KGaA), where carbon dioxide from the air can make the solution acidic.

Zwitterionic silica seed particles were used in Paper II, with the aim to
remove electrostatic effects. Zwitterionic silica (SeQuant®ZIC-HILICTM now
owned by Merck KGaA, Darmstadt, Germany) is often used in liquid chro-
matography [176,177]. The silica surface is functionalised with sulfoalkylbe-
taine zwitterionic groups, designed to be a hydrophilic, highly polar stationary
phase that can enter into simultaneous attractive and repulsive electrostatic
interactions, yet has zero net charge [176,178,179]. Using zwitterionic silica
seed particles would therefore be expected to reduce electrostatic effects, in
nanoparticle trapping.

Hydrodynamic shielding
In a fluid with laminar flow, the flow will divert around an obstacle, such as
can be seen in Fig. 2.28. A small particle may thus be shielded from the flow
by a larger obstacle, and the smaller particle would not experience the same
drag force as it would have done without the obstacle. Several microfluidics-
based techniques have used hydrodynamics to trap cells [180] and extracellular
vesicles [181]. Hydrodynamic focusing via pinch-flow fractionation [114] and
deterministic lateral displacement [13,116,117] are other techniques which rely
on the features of laminar flow to divert nanoparticles into different flow-lines,
made possible by the geometry of the microfluidic channels and the way flow
moves around obstacles.

For the case of acoustic trapping within a seed particle cluster, modelling
the hydrodynamic effects for thousands of microparticles in the fluid would
be extremely challenging. As previously discussed, acoustic streaming can also
divert the flow, although it is unknown exactly how this is affected by the
presence of seed particles. The overall contribution of hydrodynamic effects to
nanoparticle trapping is therefore undefined.
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Figure 2.28: Creeping flow streamlines moving around a circular object, dominated
by viscous forces in water flowing at 1 mm/s between glass plates spaced 1 mm apart.
Photograph by D. H. Peregrine, reproduced from [21].

Microstreaming
Microstreaming around particles in an acoustic field has been theoretically
predicted [182–184]. Small, slow vortices localised near the microparticle
surface are predicted to occur when in an acoustic field, much like has been seen
around an oscillating cylinder, Fig. 2.29. This idea has been utilised for trapping
sub-micron particles around micro-pillars, with similar micro-vortices that are
actuated by acoustics [185]. Seed particles oscillating relative to the fluid may
therefore generate microstreaming. If there are micro-vortices, these could also
assist in the trapping of nanoparticles close to the seed particle surfaces.
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Figure 2.29: Secondary streaming induced by an oscillating cylinder. Photograph by
Masakazu Tatsuno, reproduced from [21].
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Techniques and Methodology

Techniques for nanoparticle capture and characterisation face many chal-
lenges, especially in specificity and resolution. This chapter provides some

more detail on the instruments and techniques used in the papers included
in this thesis. As already addressed, acoustic trapping and immunoaffinity are
promising tools for isolating EVs or subsets of EVs from background contami-
nants, the practical use of these techniques is introduced in Section 3.1. Figure
3.1 highlights the main approaches taken to extracellular vesicle downstream
analysis, which are addressed in Sections 3.2 and 3.3.

Figure 3.1: Schematic overview of the methods used in EV analysis. On a population
level, particle quantification can give concentration and size distributions. Top-down
protein analysis can be performed by immunochemical techniques. Bottom-up pro-
teomic analysis is achieved with shotgun mass spectrometry.
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3.1 Nanoparticle isolation

Nanoparticle isolation by acoustic trapping occurs inside a glass capillary
mounted on a piezoelectric transducer, as described in Section 2.3. To be
practical for biomedical applications, the trapping unit has been integrated
into a system as a pipetting robot with automated control of the position and
fluidics: the AcouTrap 2 (AcouSort AB), Fig. 3.2.

Figure 3.2: a) Annotated image of the AcouTrap 2 system used in this work, equipped
with a Dino-Lite USB microscope directed at the trapping region. The locations of the
𝑥-𝑦 stage and 𝑧 height control mechanics are indicated. b) Inset shows the direction of
fluid flow modes: dispensing in blue (used when washing with buffer into the waste cup
or sample release into the 96-well plate) and aspiration in orange (used when pulling
in fluid from the 96-well plate). c) The inside view of the trapping unit used in this
work - with the transducer, capillary and tubing annotated.
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3.1.1 Operating the AcouTrap

To operate the AcouTrap, the software reads scripts which provide commands
to operate the valves, syringe pumps, and stage shown in Fig. 3.2, as well as
controlling the ultrasound actuation and frequency tracking. Figure 3.3 is
an example of a script used to trap 25 µL of sample (biofluid or nanoparticle
solution) using pre-loaded seed particles and dispense the seed particle cluster
in 75 µL. The 6 main steps that constitute this process are highlighted, namely
1. trapping the seed particle cluster, 2. washing the seed particle cluster, 3.
aspirating the nanoparticle sample, 4. aspirating buffer so that all of the sample
reaches the trapping region, 5. washing the sample, and 6. dispensing the
cluster containing the isolated nanoparticles.

Figure 3.3: An example script for use in the AcouTrap 2 software as a text file, the
commands have been split into 4 columns to be read sequentially from top to bottom.
Pump number 1 and 2 refer to the buffer and waste syringes, respectively. Aspiration
(asp) is controlled by the command pump run 2 a [flow rate] [volume]. Dispensing is
controlled by the command pump run 1 d [flow rate in µL/min] [volume in µL]. Display
(disp) and commented (%) commands are shown in grey and used to mark each key
step in the process.
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Frequency tracking
As explained in Section 2.3.1, the resonance frequency of a confined geometry is
dependent on the speed of sound 𝑐 in the fluid medium. Therefore, an exchange
of media or a change in the physical properties of the existing media, can result
in an altered resonance frequency. As the trapping procedure progresses there
are inevitably changes speed of sound due to temperature (which affects the
fluid density), exchange of medium (during washing), and the introduction
of particles with different properties. Keeping a pressure node in the centre of
the capillary overtime means ensuring that the ultrasound is actuating at the
resonance frequency. An important consequence of operating at the resonance
frequency, as shown in Fig. 3.4, is that it will result in the highest retention
forces on the particles.

Hammarström et al. [155] developed a method to maintain the stability of
the trapping during aspiration of particles and buffer exchange, by frequency
tracking by sweeping within 10% of the resonance. In the work presented
in this thesis, a frequency scan of ±1% was repeated every second to find the
frequency at which the power input is maximised. This enables the system
to continuously adapt to gradual changes in the content of the capillary. As
detailed in Appendix B of Paper I, the resonance frequency of the system shifts
with temperature and seed particle load, Fig. 3.5. Depending on the broadness
of the resonance peak, if tracking is not activated then a slight change in acoustic
impedance of the medium could mean that the seed particles are lost.

Figure 3.4: The maximum flow rate at which a cluster of beads could be trapped at
different frequencies. Used with permission of Royal Society of Chemistry, from [155];
permission conveyed through Copyright Clearance Center, Inc.
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Figure 3.5: a) Resonance frequency of a 200 µm-high water-filled trapping capillary,
compared to the measured temperature on the circuit board near the piezoelectric
transducer. The temperature change occurred due to the piezoelectric material heating
up during actuation. This set-up only recorded temperature to the nearest 1∘C. Re-
produced from [24] according to the (CC BY 4.0) licence. b) Correlation between
frequency change and the fluorescence intensity change, following the trapping of
increasing numbers of fluorescent silica seed particles. c) Normalised frequency (blue)
and fluorescence (red) changes overtime during a silica seed particle trapping protocol.
After washing at a flow rate of 50 µL/min, the flow was stopped for 1 min (see image
of stable cluster) and then the sound was turned off to release the cluster.

For this reason, tracking is usually active when trapping nanoparticles. On
the other hand, the sweeping of frequencies during frequency tracking can cause
a trapped seed particle cluster to jump slightly as the acoustic force may be lost
while the frequency is off-resonance for a short time. In Paper I, frequency
tracking was switched off when testing critical flow rates of clusters at flow rates
higher than 200 µL/min, as in some cases this momentary loss of acoustic force
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was enough for the cluster to be moved outside the trapping region.

3.1.2 Immunoaffinity beads

The immunoaffinity beads used in this work were protein A coated silica seed
particles of size 10 µm, Fig. 3.6. Protein A has long been known as an anti-
antibody [186], binding to the Fc region on immunoglobulins without causing
large conformational change, this makes it ideal for conjugating various anti-
bodies onto bead surfaces. Microparticles are available with various antibodies
functionalised on their surfaces, but using protein A gives us the flexibility to
choose any antibody of interest. This could also work for a mixture of antibodies
if desired.

As described in Section 2.2.5, immunoaffinity beads such as these have
been used to isolate EVs in various microfluidic systems. Paper IV integrates
this with the AcouTrap platform to benefit from sub-population of EVs. This
work targeted CD9, a common tetraspanin on the surface of EVs, as discussed
in Section 2.2.1. Although antibodies are expensive, this label-based technique
has potential to retrieve more biologically important information on the origin
of EVs and disease mechanisms, to inform future targeted therapies.

Figure 3.6: Schematic of immunoaffinity capture of tetraspanin positive target vesicle
using a Protein A coated silica bead. The antibody is represented by the red Y shape
bound at its base to protein A on the bead surface. The tetraspanin protein is illustrated
as a pink transmembrane structure with an exposed loop. Illustration not to scale -
bead is 10 µm and vesicle is 100 times smaller. Created in Biorender.com.
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3.2 Nanoparticle characterisation

3.2.1 Fluorescence microscopy

Fluorescence microscopy was primarily used for acoustic trapping method
development, using synthetic nanoparticles. Fluorescent particles, such as
the green polystyrene nanoparticles used in Paper I, were detected with a
fluorescence microscope, mounted as in Fig. 3.2. This was sufficient to visualise
the relative concentration of nanoparticles throughout the trapping process,
see Fig. 3.7. Videos were recorded and processed frame by frame to quantify
average green fluorescence intensity overtime. This method was developed and
realised in Paper I to compare the process of acoustic trapping of nanoparticles
with different seed particles.

Figure 3.7: a) Schematic of process for acoustic trapping of nanoparticles with seed
particles. b) Fluorescent profile overtime during the process of trapping an excess of
fluorescent nanoparticles. Numbers correspond to the steps detailed in Fig. 3.3. The
peaks show when the plug of nanoparticles passed over the trapping region. The change
in fluorescent intensity at 6., when the sound was turned off, was used to quantify
relative acoustic trapping. Reproduced from [24] according to the (CC BY 4.0) licence.
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3.2.2 Nanoparticle tracking analysis

Nanoparticle tracking analysis was used to quantify the size distribution of
nanoparticles, both synthetic and biological, before and after trapping. Nanopar-
ticle tracking analysis (NTA) is a technique which relies on the Brownian motion
of small particles as they randomly collide in a fluid, which was discussed in
Section 2.1.2. The NTA instrument used in this work (LM10, Malvern Pan-
alytical) functions by shining a sheet of laser light through the sample fluid.
Particles passing through the laser path will scatter light up to the camera and
be detected, see Fig. 3.8. The particles can be indirectly observed through the
resulting diffraction patterns and their movement can be monitored from frame
to frame. Software in the instrument calculates the distribution of particle sizes
based on individual tracking events. The random motion of a particle directly
relates to its size and can be calculated from its observed motion according to Eq.
2.5 [187]. The size in this case is the mean diameter, from the hydrodynamic
radius, which assumes the particle is a perfect sphere.

Figure 3.8: Illustration of the laser set up for observing scattered light from nanoparti-
cles in the NTA Malvern Panalytical. Inspired by Malvern Panalytical.
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The result is a distribution of particle sizes, which is limited to between
around 50 nm and 1 µm. The lowest detectable particle size is dependent
on how much the particles scatter light, so the lower size limit of detection
is smaller for gold nanoparticles than for EVs. This method is much better
suited to measuring heterogeneous samples than dynamic light scattering, as
the bulk technique struggles to resolve multiple populations [187,188]. Particle
concentrations derived from NTA measurements are approximate, as they
are based on the known volume in the field of view and the average number
of particles in a frame. However, NTA has been reported to give variable
nanoparticle concentration [189] and it is also limited to samples in the range
of 107–109 particle/mL. The technique was used throughout this work, Papers
I-IV, to determine the size distribution of nanoparticles (including EVs) in
samples.

3.2.3 Transmission electron microscopy

Transmission electron microscopy was employed in the EV trapping studies
where the surface markers were of interest. Transmission electron microscopy
(TEM) is a powerful imaging tool, Fig. 3.9. Unlike optical microscopy, in TEM
the focused beam is made of high energy electrons that can have a wavelengths
as small as 1 nm. The extremely small wavelength means the resolution is good
enough to image EVs as small as a couple of tens of nanometers in diameter.
TEM is much higher in resolution than nanoparticle tracking analysis and
directly quantifies the particle diameter and morphology rather than inferring
the hydrodynamic diameter from particle motion. On the other hand, TEM
is a challenging, low throughput characterisation technique with extensive
preparation to bind and stain EVs on a grid, Fig. 3.9a. Immunoaffinity,
covered in Section 2.2.5, is often paired with TEM via immunogold labelling.
This is applied in Papers III and IV, where gold nanoparticles conjugated
with secondary antibodies bind to primary antibodies targeting, for example,
tetraspanin epitopes, Fig. 3.9b.
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Figure 3.9: Schematic representation of the TEM process. a) Simplified illustration of
the staining and washing of the TEM grid, detailed protocols are found in Papers III
and IV. Before staining, the grid is prepared and a droplet of sample is added and left
to nearly dry. At each step in this illustration the grid is floated sample-side down for a
certain amount of time. Blue droplets indicate washing steps between reagent additions,
and blotting on filter paper is performed in between steps to remove excess liquid.
Primary (1o) and secondary (2o) antibodies are used where the secondary antibodies are
conjugated to gold nanoparticles. b) Immunogold indirect labelling of tetraspanin on
an EV. Illustration of c) TEM system and d) the electron beam: the focused electrons
are transmitted through the sample and onto a fluorescent screen for detection. Created
in Biorender.com.
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3.3 Extracellular vesicle protein analysis

Immunogold labelling in conjunction with transmission electron microscopy
is a protein analysis technique that targets surface proteins exposed on the
membranes of intact EVs. There are many other protein analysis tools that we
can use for looking at proteins both inside EVs and on their surfaces. This has
been the subject of many investigations and is applied in Papers II-IV. Analysing
proteins is of particular interest as they have been extensively characterised and
they are made up of known amino acid sequences which relate to their structure
and function. There are vast databases containing information on each human
protein [190]. Some proteins are particularly common, like albumin, whereas
others are rarer and are differently expressed in healthy individuals compared to
those with a specific disease [99].

3.3.1 Extracellular vesicle lysis

To access EVs cargo, the vesicle membrane must be ruptured. There are a
number of techniques which have been employed, a popular method in mass
spectrometry preparations is to add radioimmunoprecipitation assay (RIPA)
buffer and sonicate the EVs with the Bioruptor (Diagenode SA) [133]. Com-
mercial Bioruptors use 20-60 kHz sound and 100-230 V to generate mechanical
stresses by cavitation. In Papers II and IV, EVs were lysed in this way before
protein purification and digestion to peptides for analysis by mass spectrometry.

The RIPA buffer contains sodium dodecyl sulfate (SDS), which is con-
sidered a harsh surfactant, that can denature many proteins. Therefore, for
immunochemical techniques where the proteins should be intact and func-
tional, gentler lysis methods were explored. The role of detergents in lysis is to
solubilise the lipid bilayer membrane of vesicles [191]. In Paper III, the rupture
of EVs was investigated with non-ionic detergents TritonX and Tween 20X, Fig.
3.10, compared to using the Bioruptor alone. Tween 20X was found to effec-
tively break down EVs whilst not interfering with downstream immunoassay
performance [5].
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Figure 3.10: NTA size distributions of EVs from trapped CSF following treatment
with three lysis methods. The untreated sample shows a typical size range of EVs, mostly
below 100 nm. TritonX appears not to lyse the EVs sufficiently. The Bioruptor method
reduces the number of EVs to a great degree. The Tween 20X treatment appears to
be very effective at breaking apart the particles so that very few are detected by NTA.
Reproduced from [5] according to the (CC BY 4.0) licence.

3.3.2 Total protein quantification

The bicinchoninic acid (BCA) assay quantifies total protein. In the assay,
residues in proteins (amino acids in a chain) cause a reduction in alkaline Cu2+,
to form an intense purple complex [192] which can be quantified with a plate
reader. A micro-based BCA assay can be used to improve the sensitivity to
detect protein concentrations of 1-25 µg/ml. This method was used in Paper II
to ensure that there was sufficient protein in each sample for mass spectrometry
to be performed.

3.3.3 Mass spectrometry

Mass spectrometry (MS) is a method for measuring the mass-to-charge ratio
of molecules [193]. This versatile tool has advanced significantly over the last
century. Today, MS is an essential tool in proteomics where proteins can be
quantified from a complex sample [194]. Top-down proteomics, meaning
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analysing intact proteins, is challenging as these large, folded entities are dif-
ficult to ionise evenly. In bottom-up proteomics, amino acid sequences of
peptides, the building block of proteins, can be deciphered and used to identify
relative abundances of different proteins in a sample [195], Figure 3.11. It
is easier to analyse peptides than intact proteins, thus we use the bottom-up
method. Details of the sample preparation, running the mass spectrometer, and
data analysis used in this work can be found in Papers II and IV. For more
information about MS-based proteomics and where this field is headed, the
reader is referred to the thorough review by Guo et al. [194].

Figure 3.11a illustrates that mass spectrometry determines the mass-to-
charge ratio of molecules by their paths through an electric field, whereby a
spectrum of the intensity (or abundance) of each fragment can be produced
[193]. This technique is for small molecules, thus proteins must first be cleaved
(digested by an enzyme at specific locations) into peptides, Fig. 3.11b. The
peptides are then separated by liquid chromatography before gradually entering
the mass spectrometer and the abundance of each peptide sequence is analysed
[195].

For a single mass spectrum (MS1), multiple sequences of amino acids
which make up the peptides can have overlapping signals. Therefore in complex
mixtures with many peptides, tandem mass spectrometry ‘MS/MS’ is used,
whereby the scanned peptides are further fragmented and a second set of mass
spectra (MS2) is acquired [195].

The acquisition of MS/MS can be either by data-dependent (DDA) or
data-independent (DIA) methods [196,197]. In DDA, only some peptide ions
are selected for further fragmentation and analysis. In DIA, all peptide ions
within specified mass range are fragmented, leading to more complicated data
analysis but less bias in acquisition. In both cases, the amino acid sequences are
then correlated with protein databases to determine the protein content [198].
In Paper II, a neural network based software - DIA-NN [199] - was used with
an experiment-specific spectral library that was first compiled from DDA runs
on pooled samples from a small volume of each technical replicate. In Paper IV,
DIA was used and the mass spectra were compared against a predicted library.

One limitation of mass spectrometry proteomics is the limit of the dynamic
range of such measurements. This is especially a problem in blood plasma
where there are many common proteins such as albumin that dominate the
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signal [99]. EV marker proteins, and potentially EV cargo, are often much
lower in abundance than common plasma proteins [200], over 105 times lower
as highlighted by the red dots in Fig. 3.12 - note the log10 scale. As can be seen
by the hundreds of proteins in this plot, the broad identification of proteins
makes MS a powerful tool in biomarker discovery. If a large cohort is studied,
patterns of differential expression can identify which proteins could be worth
further investigation.

Figure 3.11: a) In general, mass spectrometry involves charged fragments accelerated
in an electric field, where the motion of the molecules is used to determine the mass-
to-charge ratio (m/z) of each event. In the Orbitrap, it is the frequency of oscillations
in an electric field which allows the fragments to be distinguished. b) Purified proteins
can be digested into peptides and the dissolved peptides can be separated by liquid
chromatography before detection and MS analysis of relative abundance of m/z peaks.
Created in Biorender.com.
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Figure 3.12: Protein rank plots showing the log10 abundance of proteins detected
in raw plasma. Some abundant plasma proteins are highlighted (in red) as well as a
number of EV marker proteins (in blue) that are identified to be around 5 orders of
magnitude lower in abundance. Reproduced from [200] in accordance with the (CC
BY 4.0) licence.

In Papers II and IV, MS was used to analyse the protein content of isolated
EVs compared to raw blood plasma. The aim of EV isolation is to increase
the abundance of EV proteins (blue) to move further up the ranks, whilst
reducing the abundance of plasma proteins. The idea is to boost the signal of
these EV associated proteins and to identify more proteins that were too low in
abundance to be detected in plasma, as demonstrated in Paper II.

3.3.4 Meso Scale Discovery Platform

In Paper IV, our target was to detect specific phosphorylations on p-tau from
lysed EVs. Assays had previously been developed to detect these specific p-tau
forms in CSF [77, 201, 202]. The Meso Scale Discovery Platform (MSD) is
shown in Fig. 3.13. The target molecule - in this case p-tau 181 or 217 - is
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captured by a primary antibody. A secondary antibody containing a SULFO-
TAGTM then binds and allows sensitive detection through a bottom electrode.
The imager applies a voltage, causing a series of electrochemically initiated
reduction and oxidation reactions which result in luminescence [203], this
allows quantitative detection of analytes.

This system was used, instead of a standard enzyme-linked immunosor-
bent assay (ELISA), because MSD can handle sample volumes of 10-25 µL in
microwells within a 96-well plate format (allowing multiple readouts from a
single acoustic trapping run) and has a much higher dynamic range than ELISA.
Two clear limitations of this technique are: the targets need to be known and
the specific antibody must be available. It is impractical for broad biomarker
discovery, however it can be very sensitive and specific for quantitative detection
and targeted diagnostics.

Figure 3.13: Schematic of the use of the MSD platform to detect p-tau targets from
a sample of lysed EVs. The sandwich assay using a SULFO-TAG in a microwell of
the MSD system enables sensitive detection of a specific phosphorylation of the tau
protein. Each microwell in the array is filled with around 25 µL of sample and analysed
in the same run, with calibration references. Created in Biorender.com.
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Summary of included papers

The papers included in this thesis follow a progression of improvements
and valuable applications of acoustic trapping of nanoparticles using seed

particles. As summarised in Fig. 4.1, Paper I uses fluorescent nanoparticles to
investigate the use of silica seed particles. Paper II and III apply the improved
method to investigate EV content, looking at general protein cargo in the first
case and specific targets in the second. Finally, Paper IV introduces immuno-
acoustic trapping to isolate a targeted EV subpopulation.

Figure 4.1: Summary of included papers. Seed particles of polystyrene (blue) and silica
(red) are illustrated trapping polystyrene nanoparticles (green) or extracellular vesicles
(bluish-grey). Parts of the figure are inspired by [4].
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Paper I: Silica seed particles improve the efficiency and
throughput of nanoparticle acoustic trapping

Aim: Does increasing the density of seed particles improve the throughput and
efficiency of acoustic trapping of nanoparticles? (Addressing Hypothesis 1)

A limitation of acoustic trapping with seed particles is that the fluid flow
rate cannot be too high, such that the drag force on the particles exceeds the
acoustic forces. Paper I demonstrates that silica seed particles can improve the
performance of acoustic trapping efficiency and throughput. Our experimental
results aligned well with the theory that predicted silica seed particles should
experience much higher acoustic retention forces than polystyrene seed particles.
This was simply demonstrated in a method suggested by Ley and Bruus [23]:
increasing the flow rate until particles can no longer be retained in the acoustic
field and calculating the retention force experienced from the maximum drag
force applied. Silica seed particles have a 10 times higher dipole scattering
coefficient than polystyrene seed particles, we show that when actuating at 10
Vpp the acoustic forces result in a maximum flow rate of 2100±200 µL/min for
silica compared to only 200±50 µL/min for polystyrene particles, both with 10
µm diameters, see Fig. 4.2a-b.

Critically, we demonstrate nanoparticles may be trapped into seed particle
clusters with greater efficiency and throughput if polystyrene are replaced with
silica seed particles, Fig. 4.2c. More specifically we show that, for polystyrene
nanoparticles (270 nm diameter) aspirated in a concentration of less than 1011

particles/mL, 40-2000% more nanoparticles can be trapped with silica seed
particles than polystyrene seed particles. Furthermore, the paper demonstrates
that washing flow rates can be increased from 30 µL/min to 200 µL/min
without compromising nanoparticle trapping efficiency, Fig. 4.2d. This was only
achievable in this system by using silica seed particles rather than polystyrene
seed particles which would be lost at such a high flow rate. In this instance the
total processing time was halved, paving the way for more efficient processing
of nanoparticles.
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Figure 4.2: a) The quadratic relationship between the critical mean wash flow rates and
voltage, for seed particle clusters. b) Schematic illustrating that the equilibrium point
between the drag and retention forces, and the corresponding flow rate for silica and
polystyrene 10 µm particles at 10 Vpp. c) Schematic of acoustic seed particle trapping of
polystyrene nanoparticles. d) Graph of fluorescence-time profiles generated by trapping
nanoparticles with silica seed particles, where the flow rate was either 30 µL/min (red)
or 200 µL/min (green), N=6 for each. The trap off fluorescence change can be seen
from the insets, the bounds of the slow wash (red) are well within the bounds of the
fast wash (green). Adapted from Paper I [24], in accordance with the (CC BY 4.0)
licence.
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Paper II: Accessing the proteome of extracellular
vesicles via rapid acoustic isolation of a minute human
blood plasma sample

Aim: Can extracellular vesicles be isolated by acoustic trapping from less than
10 µL of blood plasma? (Addressing Hypothesis 2)

In order to address this question, we explored acoustic trapping of small
volumes of human blood plasma. Carrying forward the knowledge that silica
seed particles were effective at trapping synthetic nanoparticles and allowed
higher throughput, we used both polystyrene and silica-based seed particles.
Paper II compares the proteomic profile of trapped EVs with raw plasma, via
mass spectrometry. The findings from this work confirmed that silica seed
particles allowed acoustic trapping at higher flow rates, processing biological
samples in as little as 6 minutes. In the mass spectrometry proteomic analysis,
there appeared to be no significant effect of seed particle density or charge on
the EVs isolated from 8 µL of plasma.

Critically, we demonstrated the analytical value of acoustic trapping as a
pre-purification method to enrich for less abundant proteins, Fig. 4.3, whilst
washing away plasma proteins. Many of proteins which were highly enriched
by trapping, have previously been associated with EVs. There was not only an
enrichment in the abundance of EV associated proteins in plasma, but also 51
unique proteins were consistently detected only in trapped samples, not in raw
plasma. This shows great promise for acoustic trapping as a rapid pre-processing
step, to aid the identification of less abundant biomarkers in future large cohort
studies.
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Figure 4.3: a) i) Seed particle enabled acoustic trapping used to isolate and wash EVs
from 8 µL plasma (diluted to 25 µL) in 6 minutes in Paper II. Seed particles are shown
in red - in this work polystyrene, silica, and zwitterionic silica-based seed particles were
tested. ii) Trapping EVs enriches for their cargo proteins, which can be analysed by
mass spectrometry. b) Mass spectrometry mean protein abundance rank plots for i) raw
(N=6) and ii) trapped (N=12) plasma samples. Proteins that are significantly depleted
(blue) and enriched (red) by trapping are indicated with up or down triangles. The
large ovals and arrows stress that many less abundant plasma proteins are enriched to
higher ranks by trapping as well as some of the top ranked proteins being reduced in
relative abundance by trapping. Adapted from Paper II.
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Paper III: Phosphorylated tau in cerebrospinal
fluid-derived extracellular vesicles in Alzheimer’s
disease: a pilot study

Aim: Can acoustic trapping aid the investigation of the cargo of extracellular
vesicles in the cerebrospinal fluid of Alzheimer’s patients? (Addressing Hypothesis
3)

Paper III employed acoustic trapping of CSF to investigate a role of EVs
in Alzheimer’s disease, specifically looking into their transportation of proteins
used as AD biomarkers. In this work, we used silica seed particles to trap
75 µL of CSF from a patient cohort of 40. Following acoustic isolation, we
characterised the size, surface markers and p-tau cargo of these EVs. The size
of the isolated EVs was not found to differ between those with and without
the disease, Fig. 4.4a. Furthermore, trapped EVs were identified by TEM and
immunogold labelling confirmed the presence of several markers, Fig. 4.4b.
More general EV markers CD9, CD63 and CD81 were present, as well as a
brain-derived marker: ATP1A3.

In this work, a lysis strategy was devised and used to investigate the inter-
nalised p-tau cargo of EVs. This work specifically focused on two phosphorylates
p-tau181 and p-tau217 previously found to be important Alzheimer’s biomark-
ers by the research group of our collaborators in Clinical Memory Research,
Lund University. As Fig. 4.4c shows, we were able to detect more p-tau217
when the trapped EVs were lysed with Tween 20X, suggesting that the protein
is transported inside the vesicles. Finally, we found interesting results regarding
the ratio of two markers p-tau181/217 in trapped EVs; the ratio was signif-
icantly higher in the AD cohort compared with the cognitively unimpaired
group, Fig. 4.4d. This was a novel finding and differs to the results found for
free floating levels in CSF.
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Figure 4.4: a) NTA analysis of trapped EVs from the CSF of Alzheimer’s disease (AD)
affected and cognitively unimpaired (CU) patients. b) TEM image of small extracellular
vesicles in trapped CSF. EV surface markers have been labelled with primary antibodies
against CD9 and ATP1A3, followed by 15 nm and 10 nm gold-conjugated secondary
antibodies, with yellow arrows highlighting CD9 positive, green ATP1A3 positively
stained EVs. The pink arrow indicates a non-labelled EV. The scale bar is 100 nm.
c) Meso Scale Discovery quantification of p-tau217 in trapped, lysed EVs from 100,
75 or 50 µL of CSF and the lower signal detected without Tween 20X lysis of EVs
trapped from 75 µL of CSF. Note that the difference between the p-tau217 detected
is increased by lysis, implying it is internalised in the EVs. d) The patient cohort
(N=40) revealed an unexpected difference in p-tau181/217 ratio between cognitively
unimpaired individuals and those with Alzheimer’s disease. Adapted from Paper III, [5],
in accordance with the (CC BY 4.0) licence.
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Paper IV: Immuno-acoustic trapping: towards
extracellular vesicle sub-population

Aim: Is it possible to couple immunoaffinity isolation with acoustic trapping, for
the isolation of sub-populations of extracellular vesicles? (Addressing Hypothesis
4)

One limitation of traditional seed particle acoustic trapping of EVs is that
it isolates a whole population and is not able to distinguish between exosomes,
microvesicles, or sub-populations of EVs derived from a specific cell type. In
Paper IV, we addressed this by adapting the traditional method of acoustic
trapping to what we have called immuno-acoustic isolation - combining it with
immunoaffinity beads. Our method was able to isolate EVs from 17 µL human
blood plasma in only 8 minutes and simultaneously trap two fractions of EVs,
Fig. 4.5a. We compared our method with a manual bench-top 90 minute
incubation, with centrifugation to wash. The novel automated methodology is
outlined in Fig. 4.5b.

The two fractions that we isolated in our acoustic method both had EVs,
confirmed by NTA and immunogold TEM. The fraction captured by acoustic
trapping, separated from the anti-CD9 captured beads, contained many CD9-

EVs. Whilst the specifically isolated immuno-acoustic fraction of EVs was
confirmed by TEM to contain more CD9+ EVs. There was some overlap in
the proteomic profiles of the immuno-acoustic EV fractions, compared to both
the acoustic fractions and samples isolated with the manual immunoaffinity
method. EVs isolated by immuno-acoustic trapping rather than acoustics or
immunoaffinity alone, yielded more proteins strongly associated with CD9.

The design of the immuno-acoustic method we used incorporated protein
A coated silica seed particles. We used silica-based seed particles to minimise
the processing time, as previously discussed. We developed our method using
protein A in order to keep flexibility for capturing specific EV populations using
different antibodies, or a mixture, in the future.
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Figure 4.5: a) Schematic of acoustic trapping mechanisms taking place in the combined
immuno-acoustic approach. b) Overview of methods used for the processing of plasma
in this work: i) manual and ii) automated. As indicated, the acoustic fraction is
separated from the immuno-acoustic fraction by sedimenting the silica seed particles
with the antibody-captured EVs. Reproduced from Paper IV. Some parts of this figure
were created in Biorender.com.
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Outlook

Extracellular vesicles have been hailed by many as the key to under-
standing, diagnosing and treating medical conditions of many kinds, if

they can be isolated. This thesis focused on the development of the acoustic
trapping technique to isolate these biological nanoparticles from plasma and
CSF more rapidly and from smaller volumes than previously. Before this work
began, it was standard to use polystyrene seed particles as sound-scatterers to
trap nanoparticles, including EVs from plasma and urine. All of the papers
included in this thesis use silica-based seed particles which scatter sound more
strongly than polystyrene.

Acoustic trapping, whilst being discovered over a decade ago, is still poorly
understood in terms of which mechanisms drive the trapping of extracellular
vesicles. One problem has been the lack of measurement tools to enable robust
comparison when investigating the effect of different parameters. The work in
Paper I introduced fluorescent polystyrene nanoparticles of 270 nm as a model
nanoparticles which could be monitored with a fluorescent microscope. This
enabled the demonstration of silica seed particles as a preferable seed particle
material to the standard polystyrene seed particles. The remaining Papers II-IV
utilised silica seed particles and increased flow rate protocols to isolate EVs from
biofluids faster than before. We also demonstrated immuno-acoustic trapping,
isolating two populations of EVs in the acoustic trap for the first time; one
general population and one surface marker specific population.

As hinted by its title, ‘Sowing the seeds of acoustic trapping: Towards rapid
isolation of extracellular vesicles’, this thesis focuses on the method of EV trapping
in addition to taking steps towards the ultimate goal of unveiling the cargo of
these particles.
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This chapter addresses several important outcomes of this work in relation to
the hypotheses proposed in the introduction of this thesis, as well as limitations,
opportunities, and sustainable development implications. Finally, some open
questions are raised which could be important to address in future work.

5.1 The seeds of understanding

Overarching question: What are the mechanisms behind acoustic trapping of
nanoparticles?

The question of the potential mechanisms behind acoustic trapping of
nanoparticles was discussed in Section 2.3.3. What has been clear for a long
time is that sub-micron particles cannot easily be trapped directly against high
flow rates, this was understood by the size dependence of the acoustic forces on
an individual particle being overcome by the drag forces. It was also evident
that seed particle clusters make it possible to trap nanoparticles. The primary
mechanisms thought to play a role in nanoparticle trapping using seed particles
are: interparticle forces originating from scattered sound (amplified by seed
particles), electrostatic attraction (depending on the nanoparticle and seed
particle surfaces), hydrodynamic shielding, and micro-streaming.

In Paper I, the mechanism of acoustic trapping is not stated, however the
increase in nanoparticle trapping efficiency by using denser seed particles does
imply a role of interparticle forces, as previously assumed. On the other hand,
there was a deviation from this effect when the nanoparticles had very high
concentration - they trapped similarly well with silica and polystyrene seed
particles. It is possible that other factors became more important at such a
high nanoparticle concentration, for example electrostatic attraction between
polystyrene nanoparticles and seed particles.

However, changing seed particle density and charge was found not to sig-
nificantly affect the proteome of EVs enriched, in Paper II. The hydrodynamic
shielding and micro-streaming effects have not been thoroughly explored, how-
ever preliminary evidence does suggest that the spacial distribution of seed
particles within trapping capillaries has an effect on the nanoparticle trapping
efficiency. Acoustic streaming might not induce any trapping forces, but the
recirculation of the sample may allow nanoparticles more time to be trapped
within the cluster.
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5.1.1 Limitations: decoupling forces in acoustic trapping

Perhaps the most notable limitation of this work is that we have failed to exper-
imentally decouple all of the physical properties and measure the contribution
of the different forces driving acoustic trapping. This is in part due to the inter-
linked nature of the forces making it challenging to study one force at a time.
Theoretically, it is possible to model some of these forces, such as the hydrody-
namics or the acoustic forces, however, the seed particle cluster arrangement
is a major unknown in these models and significant simplifications would be
required. The effects of media properties, flow, actuated frequency, and voltage
on the arrangements of seed particles in the capillary have been qualitatively
observed, but these would be extremely tedious and complex to reproduce in
simulations. Some complications with interpreting the experimental results of
parameter changes are:

1. Increasing media density with the aim to make the interparticle forces tend
to zero, Eq. 2.16, would require the media having exactly the same density
as the nanoparticles - matching the densities enough for the buoyancy
force to balance the gravitational force on the nanoparticles is achievable,
but there will likely always be a non-zero difference between the two
densities. The higher density media will also affect resonance frequency
and possibly viscosity (as is the case for most density-modifying additives
such as iodixanol) which may also influence hydrodynamic effects.

2. Increasing media salt concentration with the aim to shield electrostatic
attraction or using neutrally charged particles may have an effect on how
close the nanoparticles can get to the seed particles, and as such reduce
the chance of trapping by interparticle forces.

3. Increasing voltage may enhance both the interparticle forces and the
micro-streaming, however, it will also increase temperature and acoustic
streaming in the system, which could give an opposing effect. Changing
voltage has also been shown in some systems to drastically change the seed
particle cluster size and shape. This may be due to a differing acoustic
field and increased interparticle forces between the seed particles - which
would also affect hydrodynamic forces experienced by nanoparticles when
they pass through the seed particle cluster.
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Furthermore, we tend to explore the effect of trapping parameters by using
synthetic fluorescent nanoparticles (as with polystyrene nanoparticles used in
Paper I). Other nanoparticles tend to have more than one difference compared
to these model nanoparticles: density, compressibility, size, surface charge, or
stability. This makes it difficult to quantify the effect of one variable. For
instance, EVs are denser, smaller, and more negatively charged than polystyrene
NPs. Some studies were performed with gold nanoparticles and synthetic
lipid nanoparticles, looking into the effect of nanoparticle density and size.
However, the results were complex to interpret due to the affinity of some
nanoparticles to the surfaces of the seed particles, as well as the aggregation of
some nanoparticles resulting in quantification issues. For gold nanoparticles,
the nanoparticles appeared to coalesce into one much larger gold lump, that
could not be disassembled easily for measurement by NTA.

5.1.2 Opportunities: future system optimisation

Decoupling the mechanisms behind acoustic trapping could be hugely beneficial
for the intelligent design of future systems. For example, if micro-streaming is
found to be a major contributor, then resources would be diverted to optimising
the system design: such as capillary geometry, frequency of operation, and seed
particle size, shape, material, and packing. On the other hand, if interparticle
forces driven by sound scattering can be the main contributor, this creates
opportunities for more density-selective control of nanoparticle trapping, such
as has been demonstrated for binary trapping of microparticles [156]. The
secondary acoustic radiation forces suggest that by matching the density of the
media with the nanoparticles, we should eliminate nanoparticle trapping all
together. If this can be shown, then perhaps a cut-off in EVs at a particular
density can be implemented, analogous to density gradient ultracentrifugation.

5.2 Towards rapid isolation of nanoparticles

Hypothesis 1: Increasing the density of seed particles can improve the throughput
and efficiency of acoustic trapping of nanoparticles.

Paper I answers this hypothesis for two different densities of seed particles,
studying the case of trapped 270 nm polystyrene nanoparticles. This work
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demonstrates that, at least from nanoparticle concentrations below 1011 par-
ticles/mL, using silica seed particles instead of the standard polystyrene seed
particles does indeed increase the nanoparticle trapping efficiency. The efficiency
of acoustic trapping with silica seed particles was addressed for the first time in
Paper I, while Papers II-IV all implement this and demonstrate the value of
increased EV isolation speeds for a number of biological applications.

Paper III implemented acoustic trapping of EVs from CSF using silica seed
particles with a washing flow rate of 100 µL/min. Paper II explored acoustic
trapping with zwitterionic silica seed particles, showing that trapped EVs from
plasma revealed the same proteome with both 30 µL/min and 200 µL/min
washing flow rates. Before this publication, almost no papers (except [169], as
previously discussed) had explored the used of a seed particle material other than
polystyrene. As demonstrated in Paper I, polystyrene seed particles clusters
could not be retained in the acoustic field at 200 µL/min.

5.2.1 Limitations: nanoparticle quantification

Unfortunately, there are also issues with the reliability of techniques measuring
nanoparticle concentration, see Section 3.2.2. This makes quantifying the
effect of changing factors extremely challenging, and the reason that relative
performance of silica seed particles was evaluated with fluorescent nanoparticles,
in Paper I. The challenge remains that we have no accurate way of determining
extracellular vesicle concentration, it is for this reason that we do not discuss EV
trapping recovery in terms of percentages, which could have been misleading.
Recovery in EV trapping is also likely to be highly dependent on the capacity
of the acoustic trap, if we trapped EVs from 1 mL of raw plasma, we would
expect very low recovery percentage, whereas trapping from a small volume or
more dilute sample could allow higher recovery. With this in mind, we do not
mention the number of particles trapped but focus on the downstream analysis
of cargo. It is worth noting that despite previous studies reporting a difference
in the EV concentration of CSF between patients with and without Alzheimer’s
disease [95], we did not find this to be the case in Paper III [5]. Furthermore,
other factors have been discussed in relation to their effect on EV concentration,
such as exercise [60], thus this is not a specific biomarker.
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5.2.2 Opportunities: scaling down and speeding up

Paper I outlined a method of measuring relative performance for trapping
fluorescent nanoparticles. We have used this to demonstrate the effect of seed
particle density and increasing the washing flow rate. This method could,
however, be applied for investigating the effect of different acoustic trapping
parameters, for example those discussed in Section 5.1.1.

From a chemical consumption point of view, microfluidics in general offers
possibilities for working towards sustainability goal 12: to ensure sustainable
consumption and production patterns. The medical research field is challenged by
this target, as the methodologies employed are currently consuming vast quan-
tities of resources (reagents, antibodies, single-use plastic etc.) and producing
excessive waste. By transitioning to lab-on-a-chip devices, the volumes of fluid
(both in terms of reagents and waste) may be dramatically reduced. Speeding
up the acoustic trapping process by using silica seed particles has also sparked
some interest outside of biomedical applications. After publishing Paper I,
more research groups are exploring the advantage of silica: Costa et al. have
used silica seed particles for acoustic trapping of microplastics, for water quality
monitoring [174].

5.3 Unveiling extracellular vesicles' cargo

In brief, rapid EV isolation by acoustic trapping using seed particles provides
an invaluable tool to researchers wanting to investigate the content of EVs from
any biofluid. The work in this thesis demonstrates the isolation of intact EVs
in 6-10 minutes ( Paper II-IV). In Paper III we also demonstrate that lysis of
EVs can enable assay measurement of their internal cargo, providing evidence
of pathological transport mechanisms. Paper II and IV use mass spectrometry
to analyse the content of trapped EVs on a broader level, in healthy plasma,
with the aim to demonstrate the value for embarking on larger cohort studies.

Hypothesis 2: Extracellular vesicles can be isolated by acoustic trapping from
less than 10 µL of blood plasma.

Paper II demonstrates it is indeed possible to isolate EVs from as little
as 8 µL of blood plasma, by acoustically trapping EVs and washing off free
protein. This work also demonstrated the value of EV enrichment and washing
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by acoustic trapping, showing that it enables access to less abundant EV proteins
via shotgun proteomics. Comparing with raw plasma, we show unique detection
of proteins in acoustically trapped samples, that were below the detection limit
in raw plasma. This study was performed from a single blood draw from a
healthy individual, which is a valuable move towards personalised medicine
via diagnosis using EV-associated biomarkers. Other work looking at proteins
in EVs via ultracentrifugation required pooling of samples, and although this
may have value in biomarker discovery it reduces the value of the information
gained on an individual level [99]. Further work to improve the richness of
proteomic information gained from the isolation of EVs could include more
advanced mass spectrometry purification and separation steps, however part of
the value of the method laid out is the relatively simple sample handling.

Hypothesis 3: Acoustic trapping can aid the investigation of the cargo of
extracellular vesicles in the cerebrospinal fluid of Alzheimer’s patients.

Paper III not only demonstrates acoustic trapping of EVs from CSF for
the first time, but thoroughly explores the surface markers and internalised
phosphorylated tau cargo of the isolated EVs. A medium-sized cohort of
Alzheimer’s patients (N=20) and healthy controls (N=20) were included in
this pilot study, with 6 technical replicates of the acoustic trapping. In this
collaboration, we used a p-tau217 MSD assay to assess the optimal volume of
CSF to process - finding that 75 µL maximised signal as well as the number
of repeats from the precious biobanked samples (500 µL aliquots). The post-
trapping lysis protocol which was developed was critical to investigating the
EV cargo. By performing NTA and the p-tau217 assay we confirmed that
Tween 20X was effective at opening the EVs and that phosphorylated tau is
internalised by EVs.

Moreover, we can detect different relative levels of p-tau181 and p-tau217 in
the cargo of trapped EVs, compared to in the unprocessed CSF. This was a major
and surprising finding to those in the field of Alzheimer’s disease. Although
good diagnostic assays have already been developed for CSF [204, 205], the
involvement of EVs in AD progression may help to understand disease biology
and possibly offer useful information for future therapies. To develop the answer
to this research question, it would be valuable to apply a more specific isolation
method which allows us to look at the p-tau content of EVs from a specific cell
type.
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5.3.1 Limitations: EV markers

One current issue with EV isolation techniques is the lack of universal EV
markers. Although tetraspanins CD9, CD81, and CD63 are common to find
on the surface of EVs, not all EVs posses them [206]. Since EVs can be
produced by any cell, they can differ widely in the surface proteins they inherit.
Unfortunately, there is not yet one perfect antibody which binds to all EVs and
nothing else. To add insult to injury, these common tetraspanins are strongly
anchored in the plasma membrane, which makes them notoriously difficult to
digest and detect via mass spectrometry [207,208]. It would be valuable to find
better generic EV markers and/or more specific markers for sub-populations of
EVs, ideally ones which help to elucidate their biogenesis.

5.3.2 Opportunities: intercepting critical cargo

The path forwards from an applications point of view is striving towards the
sustainability goal 3: to ensure healthy lives and promote well-being for all at all
ages. As the medical field as a whole aims for this, one of the major challenges
is developing tools that enable early diagnosis and monitoring of diseases, in
order to treat patients effectively and in a timely fashion. Liquid biopsies are an
ideal form of disease monitoring, as they are less invasive than solid biopsies
and less expensive than advanced imaging techniques.

Biofluid samples are often taken when ill patients come to the clinic, be-
cause there is a wealth of information available in them: from relative cell
counts to macromolecules and chemistry. Some of these biological messages
are easy to read, however others need more involved techniques to intercept
them. Intercepting specific cargo in extracellular vesicles may unveil a valuable
biomarker of disease progression, or even help us uncover the mechanism be-
hind diseases. Such a biomarker could advise future therapies from childhood
cancer to Alzheimer’s disease.

The number of unique samples which can be processed by acoustic trapping
is a great strength demonstrated by this work. The small volume handling
demonstrated in this work provides opportunities to analyse ‘left-overs’ in
biobanks without mixing samples together or even perform animal studies
which would not otherwise be feasible. These aspects are useful across research
into cancers, sepsis, neurodegenerative diseases, and countless other urgent risks
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to human health.
At the time of writing, our EV isolation method, from Paper II, was shown

capable of being applied for processing some mouse tumour model plasma
samples that had only 50 µL frozen aliquots remaining. The volume was too
little for them to perform more ultracentrifugation, but sufficient even for
replicates when using acoustic trapping. All 6 samples were processed, with
technical replicates, easily within a couple of hours. The aim of this work was
to aid a collaborator who aims to find tumour biomarkers within EVs using
mass spectrometry.

5.4 Integrating specific subpopulation

Hypothesis 4: Immunoaffinity isolation coupled with acoustic trapping enables
the isolation of sub-populations of extracellular vesicles.

Paper IV demonstrates a novel method of immuno-acoustic isolation in
parallel with acoustic trapping to isolate two sub-populations of EVs from
plasma, using anti-CD9 functionalised silica seed particles. This study compared
this method with a manual incubation with the same immunoaffinity beads
and centrifugation. The manual incubation method took 90 minutes, whereas
the immuno-acoustic method could be performed in 8 minutes per sample in
an automated system. TEM and proteomics analysis revealed some differences
between the groups of EVs, which shows that the protocol holds value in
revealing more information than acoustic trapping alone. Furthermore, the
immuno-acoustic fraction isolated CD9+ EVs and MS identified proteins more
strongly associated with CD9 than the fractions isolated by acoustics or bench-
top incubation.

However, CD9 is very common on EVs so the immuno-acoustic technique
didn’t isolate a wholly distinct population. To better judge the applicability
of this technique, a rarer surface marker that is specific to EVs derived from
one cell-type should be targeted. This would create two more different sub-
populations and may reveal more about which cells are responsible for particular
EV cargo. For now, we have only applied this technique to isolate EVs from
blood plasma, however performing a similar isolation from CSF with a brain-
specific marker such as ATP1A3 [209,210] might elucidate valuable medical
insight in downstream analysis.
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5.4.1 Limitations: heterogeneity

Extracellular vesicles are challenging to analyse but, more significantly, they are
heterogeneous. As it stands today, most analysis is performed on a population-
wide basis, which is known to depend on the isolation method. Sub-populating
EVs, as done in Paper IV, may still not be sufficient to access nuances in
EV characteristics. EV protein expression of surface markers may not define
discrete sub-populations [52, 206], and the protein corona also introduces
some complexity in defining the functionality of EVs [43, 211, 212]. Single-
EV analysis methods do exist [50, 213–215], but the throughput is a major
limitation.

5.4.2 Opportunities: flexible targeting

In the final paper, Paper IV, we introduce a new versatile method for isolating
two fractions of EVs from a biofluid which could be applied to any potential
future EV membrane biomarkers. A particularly interesting opportunity this
offers up is to isolate brain-derived EVs (for example, via ATP1A3) from the
blood of patients with Alzheimer’s disease. This would be groundbreaking for
early diagnosis, where doctors currently rely on expensive brain scans which
cannot be frequently used and cognitive tests which tend to pick up the disease
when it has progressed significantly. A blood test for AD could provide a tool
for a minimally invasive diagnostic and monitoring methodology [76, 77].

There are many conditions that can progress quickly and become fatal, pre-
eclampsia and sepsis are two examples of this. In pre-eclampsia, it is thought
that EVs are produced by the placenta, and finding these specific EVs in a
mother’s blood could be an early warning sign of a high-risk pregnancy. EVs
derived from trophoblast cells could be targeted via placenta-specific enzyme
placental alkaline phosphatase (PLAP) [59]. In sepsis, bacteria can spread
through the blood to multiple organs and lead to fatality within hours, unless
the appropriate treatment is given [216]. Proteomic analysis of the EV proteome
alone, rather than the plasma proteome, may better aid the identification of
organ dysfunction and sepsis stratification. One way that immuno-acoustic
trapping could help with this is to target EVs expressing the M1 protein that
has been found on EVs produced by activated platelets in a mouse infected
with specific bacteria [133].
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5.5 Questions that remain

The context of this thesis spans multiple fields of work, this is exemplified by
the range of conferences where this work has been presented: nano and micro
engineering (MNE 2022), microfluidics (µTAS 2021/2023), acoustofluidics
(Acoustofluidics 2020/2024 ), extracellular vesicles (DSEV 2022, Gordon Confer-
ence on EVs 2024), and proteomics (NPS 2023). Some interesting questions
arose from discussions there, that are still hotly debated:

1. What is the relative contribution of different trapping mechanisms in
the acoustic trapping system?

2. Is the protein corona an important part of EV function and what does
that mean for isolation techniques?

3. Is there a correlation between EV surface markers and their internalised
content?

4. Can we develop tools which can accurately measure nanoparticle con-
centration?

New and improved methods for measuring EVs, such as microfluidics-
based single-EV analysis tools, will likely prove to be critical for answering these
questions in the future.
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Reflection

Whilst I initially thought I would be entering one new field - acoustoflu-
idics - as I embarked on my doctoral degree, the years that followed

additionally took me into the challenging field of extracellular vesicle isolation.
On top of that, I gained contact with the fairly broad field of proteomics and
collaborated with researchers working to uncover mechanism of Alzheimer’s
disease. Not to mention the nanoparticle fabrication experiments with gold
and synthetic lipid vesicles, which never made it into this thesis!

It’s clear to me that there is enormous potential for microfluidics-based
devices to contribute to diagnostic and medical research, improving human
health, diagnostic efficiency, and reagent waste reduction. Transitioning from
technology development to implementation by those who need it is not without
friction. Nevertheless, more robust and faster methodologies for handling small
volumes of biofluids, such as has been presented in this thesis, is where I believe
research supporting personalised medicine is headed. I hope in the future, that
we can harness extracellular vesicles for more precise diagnostics and therapeutics.
If my work in the lab with Roman contributes in any small way to reducing the
suffering of someone with Alzheimer’s disease in the future, that would make
my efforts through this PhD education worth it.

With all of this said, what I’ve learnt the most conclusively is that there
is still so much we don’t understand. It is truly a privilege to experience the
joy of the unknown, complex, and the unpredictability in the world on the
nano/micro-scale, or as Thomas once aptly put it “the beautiful science”.
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